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ABSTRACT 
 
Variable-Temperature Kinetic Analysis of Reaction Profiles for the Rapid Assessment 
of Heterogeneous Catalysts 
 
by 
 
Daniel Hiroshi Coller 
Variable-temperature reaction profiles, measured in a packed bed reactor (PBR) 
with a constant temperature heating rate, show the conversion vs. the reactor 
temperature. Reaction profiles that are kinetically-limited can be simulated using just 
three equations: a power rate law, Arrhenius equation, and the PBR design equation. 
Numerical solutions are derived for transport-limited reaction profiles with the inclusion 
of the internal effectiveness factor and the rate of external mass transport. Simulations 
demonstrated that the position and shape of a reaction profile is unique for each rate law 
and set of kinetic parameters. 
Analysis of experimental variable-temperature reaction profiles is demonstrated 
for a typical supported catalyst, 2 wt% Pd/Al2O3, for the oxidation of H2, C3H8, and CO 
by oxygen. These reactions were shown to be kinetically-limited and free from 
gradients in temperature and pressure. Quantitative information about the rate law and 
reaction constant were reliably extracted by curve-fitting as few as two adjustable 
parameters to reaction profiles. The reaction orders and observed activation energy were 
rapidly extracted from a single reaction profile recorded in less than an hour (with 
  vii 
appropriate data truncation, when necessary), and they are at least as accurate as the 
same parameters obtained from much more time-intensive conventional kinetic 
analysis. More precise curve-fitting parameters can be obtained by global curve-fitting 
of a series of reaction profiles recorded with different volumetric flow rates. 
In situ x-ray absorption spectroscopy (XAS) and operando infrared (IR) 
spectroscopy coupled with variable-temperature kinetic analysis was used to probe the 
active phase of the catalyst during CO oxidation. Quantitative analysis of reaction 
profiles predicted that the active phase was Pd(0), which was confirmed by XAS and 
IR. Sudden deviation from ideal kinetic behavior is observed for CO oxidation 
catalyzed by either Pd or Pt nanoparticles on alumina. The abrupt increase in activity 
results from changes in the surface chemistry when CO no longer poisons the surface. 
IR spectroscopy for the Pd catalyst during CO oxidation captured the transient phase of 
the catalyst in which metallic interactions are substantially reduced. For CO oxidation 
catalyzed by Pt, the abrupt increases occur more readily for catalysts that are susceptible 
to internal and/or external mass transport limitations.  
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Chapter 1: Introduction 
1.1. Background 
Reaction kinetics and mechanisms are essential for the prediction of catalytic 
behavior and the design of new catalytic materials and reactor configurations. Analytical 
kinetic expressions can be used to extract kinetic information from experimental data and to 
predict activity through simulations [1, 2]. Kinetic expressions reduce the need for 
expensive and time-intensive experiments at the lab and pilot scale. It is advantageous to 
work with expressions that capture the critical parameters of the reaction and require the 
fewest number of kinetic parameters, thus reducing the mathematical complexity and 
number of experiments required for parameter estimation. For example, the relatively simple 
empirical expressions developed by Voltz et. al [3] in 1973 are still used in the automobile 
exhaust industry to predict catalytic activity during three-way catalysis. Conventional 
experimental techniques for kinetic analysis developed decades ago remain the standard for 
kinetic analysis today [4, 5], despite advances in analytical, theoretical, and computational 
methods. Although new techniques (with several advantages and disadvantages relative to 
conventional analysis) have been continually developed and employed recently (see section 
1.4), none have achieved widespread use or acceptance. 
 
1.2. Reaction mechanisms and rate laws 
Descriptions of gas and liquid phase reactions require knowledge of all the reactant 
and product interactions with the catalyst surface and adsorbed species on the solid catalyst 
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[1]. Reactants diffuse to the external surface of the catalyst, diffuse into pores, adsorb on to 
active sites and react. Products desorb from active sites, and finally diffuse away from the 
catalyst. Often the diffusion processes are fast relative to the rates of adsorption/desorption 
and reaction, therefore the reaction is considered reaction- or kinetically-limited. The 
reaction mechanism refers to the sequence of chemical steps independent of the diffusion 
steps. Each step is called an elementary reaction, such as the adsorption of a species on to a 
surface or the dissociation of a reactant on the surface. The reaction mechanism is simplified 
using methods such as the pseudo-stead- state approximation, most abundant reaction 
intermediate, and determination of the rate-limiting step, to write an expression for a rate 
law that encompasses all important kinetic parameters that are necessary to capture the 
kinetics of the reaction. The Langmuir-Hinshelwood mechanism is often used to explain the 
surface reaction between two adsorbed reactants [1, 2, 6]. For a reaction between species a 
and b in which the rate-limiting step is the surface reaction, and both reactants adsorb 
molecularly, the rate law for species a can be written in terms of the rate of reaction (-ra), 
the reaction rate constant (k), equilibrium adsorption coefficient for each reactant (Ki), and 
the gas phase concentrations for each reactant (Ci), Eq. 1.1. 
 
     
        
(           ) 
      (1.1) 
 
The full Langmuir-Hinshelwood mechanism (and others) can be simplified to a 
power rate law under most reaction conditions because certain kinetic parameters may be 
much larger than others which simplifies the expression. For example, if a adsorbs 
irreversibly and b adsorbs weakly, under high concentrations the denominator of Eq. 1.1 
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simplifies to (KaCa)
2
, resulting in a power rate law of –ra = k Kb Cb / (Ka Ca). The power rate 
law has the advantage of simplifying the mathematics and reducing the number of physical 
parameters that must be estimated. An arbitrary rate law is expressed in Eq. 1.2, where the 
concentration of two species a and b are raised to the powers n and m, which are called 
reaction orders. 
 
     ,  -
 ,  -
         (1.2) 
 
There also exist cases in which empirical power rate laws adequately account for the 
reaction kinetics. Therefore the power rate law is often curve-fitted to experimental kinetic 
data and used to simulate theoretical data [6]. 
 
1.3. Conventional linear, differential kinetic analysis 
1.3.1. Arrhenius plots 
Kinetic parameters such as the energy of activation, Ea, and the pre-exponential 
factor, A, are typically obtained from experimental data using the Arrhenius relationship, Eq. 
1.3.  
 
       0 
  
  
1        (1.3) 
 
Generally, the rate of reaction or rate constant is determined from several different 
isothermal experiments. The activation energy is extracted from the slope of a plot of ln(k) 
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or ln(-ra) vs. inverse-temperature (T
-1
) [7, 8]. The rate may be substituted by either the 
turnover frequency (TOF) or the conversion (X). While this method is known and widely 
accepted, the accuracy of the extracted activation parameters can be poor (and often 
unacknowledged to be so); many independent experiments are needed to obtain reliable 
values. Reported values for Ea generally have errors of at least 4-8 kJ mol
-1 
[8]. The pre-
exponential factor may only be retrieved from the y-intercept of a plot of ln(k) vs. T
-1
. It 
cannot be extracted from any other conventional analysis because these methods assume 
there are no gradients in conversion between isothermal experiments.
 
Furthermore, only a 
small range of temperatures is studied to minimize the change in conversion between 
experiments, meaning that the majority of the reaction conditions are not considered. While 
the use of k is the most precise, it is more common to see Arrhenius plots of -ra, TOF, or X. 
The linearization of data has persisted despite advances in computers and the myriad of 
benefits associated with non-linear fitting. When linearization of these parameters is used, it 
is critical that only differential conditions are explored experimentally [7, 8]. Differential 
kinetics require that the conversion is minimal such that gradients in temperature and 
concentration are minimized. Often this translates to a maximum conversion of X < 0.1, 
although studies may go as high as X < 0.2.  
1.3.2. Rate law analysis 
Conventional determination of reaction orders, assuming a reaction mechanism can 
be simplified into a power rate law, follows a similar procedure to analysis of the activation 
energy. Each reaction order requires an independent set of experiments in addition to the set 
of experiments required to determine the Arrhenius parameters. One reactant is held in 
excess such that its concentration can be considered constant for all measurements. The rate 
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of reaction is measured for a series of isothermal measurements (such that the conversion is 
always differential) where each data point corresponds to a different concentration of the 
limiting reactant (Ca). Linear regression of a plot of ln(–ra) vs. ln(Ca) yields the reaction 
order with respect to the limiting reactant [4, 5]. In order to extract the next reaction order, 
the concentrations must be reversed such that what was the limiting reactant is now the 
excess reactant and vice versa. 
 
1.4. Precedents and challenges in transient temperature kinetic analysis 
Rate data collected under transient temperature conditions has long been used to 
extract quantitative kinetic information in materials science and engineering other than 
heterogeneous catalysis. In thermal analysis, it is used to determine activation parameters for 
solid-state phase transitions and decomposition reactions [9, 10]. For example, thermo-
gravimetric analysis (TGA) records decreases in mass that reflect the progress of solid-state 
reactions [11, 12]. Temperature-programmed desorption (TPD) reveals information about 
adsorbates [13] (although kinetic parameters can be complicated by readsorption, especially 
in the case of porous materials [14]). Transient temperature kinetics has been used to 
accelerate pharmacological screening of drug candidates for their thermal, hydrolytic and 
oxidative stability [15].  
Variable temperature kinetics (VTK) have been used to obtain kinetic information 
about liquid-phase organic reactions, including base-catalyzed hydrolyses [16-18] and 
esterifications [19]. Inorganic reactions studied using VTK methods include isomerizations 
[20, 21] and oxidative additions [22], as well as ligand substitution reactions of metal 
complexes [23]. In some of these liquid phase batch studies, similar accuracy for kinetic 
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parameters and model discrimination was reported for both traditional differential and 
transient temperature methods, although the latter gave results several orders of magnitude 
faster (since far fewer experiments were required). In other studies, analysis of transient 
temperature experiments was found to be both faster and more accurate, principally because 
statistical errors decrease when vastly more kinetic data is collected.  
Interpreting VTK for gas phase reactions in a non-stirred flow reactor is more 
challenging, because the kinetics are often more strongly convoluted with non-kinetic 
effects. Gradients in temperature, pressure and concentration may exist inside the reactor, 
and inside individual catalyst particles. Feed gases may bypass solid catalyst particles in a 
packed bed. Nevertheless, there have been attempts to extract kinetic information from data 
recorded in flow reactors where the temperature is ramped, particularly in catalytic converter 
studies, where accurate and predictive models are required for vehicle-specific decisions 
about catalyst configurations. For this application, the low temperature (cold-start) 
performance is important, and quantitative predictions of engine emissions at conversions 
that are much higher than differential are required. Large transients in temperature, gas 
composition, and flow rate are typical of real operating conditions.  
One approach is to simulate the behavior in a near-adiabatic catalyst monolith or 
packed-bed reactor involves using the mass and energy balances for the gas and solid phases 
simultaneously in a 1D plug-flow model. The equations are solved sequentially until 
convergence using manually adjusted parameters, or residual minimization methods. 
Another approach is to simulate reaction profiles using kinetic parameters measured for 
individual reaction steps by conventional methods. Reactions studied using both methods 
vary from simple CO oxidation [24-28] to CO oxidation in the presence of H2 [29, 30], the 
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CO-NO reaction [24, 26], hydrocarbon combustion [24, 26, 31], and methanol steam 
reforming [31, 32]. In general, only approximate agreement is observed between the 
experimental and simulated profiles, both for global models (based on power rate laws), and 
for microkinetic models. The latter generally have large numbers of adjustable parameters, 
and even fixing some of them based on prior knowledge yields optimized parameter sets that 
are not unique.  
When the temperature ramp rate is slow relative to the reactor residence time, and 
the heat of reaction is removed efficiently by dilution of the feed gas with an inert, the 
catalyst bed can be close to isothermal during the measurement time. The better heat and 
mass transfer characteristics of the PBR relative to monoliths result in activity profiles that 
are more representative of intrinsic kinetics. In one such study, the shape of the reaction 
profile was used to discriminate between positive and negative reaction orders with respect 
to the limiting reagent, and to identify the transition from kinetically-limited to mass 
transfer-limited conditions, using the relation between conversion and reactor temperature 
[33]. However, while agreement between the curve-fits and experimental data for CO 
oxidation and methane combustion is quite good [33, 34], the resulting kinetic parameters 
were not deemed unreliable.  
A method of temperature scanning in a plug-flow reactor (TS-PFR) was developed 
to increase the rate of data acquisition by making simultaneous measurements of space-time, 
reactor exit temperature, and outlet concentrations [35]. Numerical differentiation of the 
smoothed conversion data with respect to the space-time gives the reaction rate as a function 
of temperature. However, the fits are difficult to assess visually; instead, models are 
compared via the magnitudes of the sums of squared errors. For example, CO oxidation over 
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Pt/-Al2O3 was examined with a view to determine the reaction order with respect to O2 
using Langmuir-Hinshelwood models with eight adjustable parameters. Global analysis for 
several feed rates was conducted using more than 10 000 data points. Results analyzed over 
the full range of conversion gave a smaller uncertainty for a dissociative adsorption model 
(i.e., half-order in O2), compared to a molecular adsorption model (i.e., first-order in O2), 
although some parameters were highly correlated and not unique [36]. Similarly, 
temperature scanning steam reforming of methanol over a Cu/ZnO/Al2O3 catalyst was 
analyzed with a 20-parameter Langmuir-Hinshelwood model, for which 7 parameters were 
fixed at known values [37]. Modest agreement with the literature for the remaining 
adsorption and activation enthalpies and entropies suggests that this method, too, is not 
highly quantitative.  
 
1.5. Objectives 
We aim to develop a method that allows for the rapid extraction of kinetic 
parameters from variable-temperature reaction profiles (T,X) data. The method is intended to 
be general and easily accessible with the added value of decreasing uncertainty in parameter 
estimation, acquisition time, and data analysis time. Furthermore, the method will provide 
important qualitative information not attainable from conventional techniques, and it will 
not rely on extensive prior kinetic studies. Variable-temperature kinetic analysis of reaction 
profiles is meant to aid researchers in studying and predicting catalytic activity. The rapid 
nature of the method is amenable to current high-throughput techniques in catalyst design, 
and addresses the need for rapid catalyst assessment.   
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Chapter 2 will develop the analytical expressions necessary for simulating 
kinetically-limited reaction profiles and curve-fitting experimental data. The expressions 
will be used to demonstrate how the features of reaction profiles are affected by kinetic and 
reactor parameters for kinetically-limited reactions, and what this means for researchers. 
In Chapter 3, the expressions will be used to rapidly extract kinetic information from 
three general reactions with importance to automobile exhaust catalysis. Two different 
methods of curve-fitting are explored; curve-fitting individual profiles, and simultaneous 
fitting of a series of profiles recorded under different conditions. 
In Chapter 4, the kinetics and light-off for CO oxidation catalyzed by PdO/Al2O3 
will be investigated. Operando and in situ infrared spectroscopy and X-ray absorption 
spectroscopy of PdO/Al2O3 will be combined with variable-temperature reaction profile 
analysis to understand the chemical state of the catalyst during light-off. 
The influence of mass transport during catalysis will be explored in Chapter 5. 
Expressions for mass transport-limited reaction profiles will be developed and simulated. 
Experimental profiles for CO oxidation catalyzed by Pt/Al2O3 are investigated for the effects 
of diffusion on light-off. 
Final conclusions and future outlook for variable-temperature reaction profile 
analysis is discussed in Chapter 6. 
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Chapter 2: Derivation of Analytical and Numerical Solutions for Variable-
Temperature Reaction Profiles and their Usage for Modeling Reaction 
Profiles 
2.1. Introduction 
As high-throughput methods for materials synthesis become more versatile and 
accessible [1], large numbers of heterogeneous catalysts covering a wide range of 
composition space can be generated quickly [2-4], creating a need for similarly fast and 
flexible methods to screen for catalytic activity. Comparing performance in a catalyst array 
at a common temperature has limited usefulness, because the onset of activity can be very 
abrupt for surface-mediated reactions. Using the temperature required to achieve 50 % 
conversion of a limiting reagent, T50, can also be problematic, because the single-point 
measurement may be strongly influenced by non-kinetic effects. Even when this is not the 
case, comparisons are valid only for measurements made under the same conditions 
(residence time, feed composition, dispersion of the active phase, etc.), and for catalysts that 
follow the same rate law. A more robust kinetic assessment requires measurement of 
reaction orders and activation parameters over a range of operating conditions, which is 
typically slow and labor-intensive even for a single catalyst. Even more time-consuming is 
the assembly of a microkinetic model, requiring extensive measurements across a wide 
range of experimental conditions to identify and quantify the rates of all elementary steps. 
Nevertheless, acquiring as much of this information as possible for a series of heterogeneous 
catalysts in a variety of reaction atmospheres is ultimately necessary for properly 
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interpreting reactivity differences, rationalizing the search for and design of new catalysts, 
benchmarking and optimizing their performance.  
Some kinetic descriptors, such as the turnover frequency (TOF), can be obtained 
relatively quickly [5], although direct comparisons are still difficult, especially when a series 
of catalysts exhibits widely varying activities. A recent proposal [6] to create a “standard” 
TOF suffers from the need to make long extrapolations, and TOFs can be mis-used in such 
comparisons [7]. The empirical Arrhenius parameters A (or k0) and Ea are more generally 
useful. Ideally, they should be obtained from the temperature dependence of a rate constant, 
which in turn implies knowledge of the rate law.
1
 However, even when the form of the rate 
law is not known, Ea can be extracted from the temperature dependence of the conversion 
(X) at the outlet of a packed bed reactor (PBR) operated under differential conditions. 
Obviously, the same information is available from the temperature dependence of the 
reaction rate (-ra), computed from the product of X and Fa,0 (the molar flow rate of the 
limiting reactant a). 
In a conventional kinetic analysis conducted in a packed-bed reactor, the reaction 
orders assessed in a series of isothermal experiments for which each inlet concentration is 
varied independently while keeping the conversion very low. The activation parameters are 
extracted from the response of the outlet conversion to changes in temperature. The need for 
isothermal and differential conditions to ensure kinetic control of the rate imposes important 
constraints on kinetic experiments. The measurements themselves at very low conversions 
are often inherently imprecise. Keeping the temperature range small to maintain such 
                                                 
a
 If k is a rate constant for an elementary step, an Eyring plot ([ln(k/T)] vs. T
-1
), is preferred because it 
gives the physically meaningful activation parameters ΔH‡ and ΔS‡. However, most measurements in 
heterogeneous catalysis generate apparent rate constants that contain multiple unresolved contributions from 
adsorption/desorption and reaction steps. In such cases, the empirical Arrhenius treatment is usually considered 
satisfactory. 
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conversions contributes to a large (and often unacknowledged) uncertainty in the Eyring 
and/or Arrhenius parameters. Perhaps most significantly, experiments performed at low 
conversion over a limited temperature range inevitably exclude the majority of reaction 
conditions, including those which are likely to be most relevant to practical reactor 
operation.  
Even for a single catalyst, a complete kinetic study requires many experiments over 
an extended period of time, such that maintaining reactor and catalyst stability can be 
challenging. For catalysts that deactivate rapidly, the need to conduct lengthy isothermal 
kinetics experiments is particularly problematic. For example, kinetic analysis of a single-
site Pd catalyst for CO oxidation was limited to a single data point at each reactor condition, 
and steady-state operation was never achieved due to rapid catalyst deactivation [8]. Finally, 
conventional methods of analysis for isothermal kinetic data involve linearization, which 
alters the weighting of experimental data, and yields parameters susceptible to correlations 
[9-11]. Consequently, distinguishing between kinetic models can be prone to error, and 
complex behavior can be masked. While more accurate and discriminating methods using 
non-linear analysis of variable temperature kinetic data have long been available [12, 13], 
they have not been widely adopted. 
Much of the kinetic information we seek (rate law, activation parameters) is 
contained in the light-off profile. According to one definition, catalyst “light-off” occurs at 
the transition between the kinetically-controlled low temperature performance and the 
diffusion-controlled high temperature performance. However, with appropriate choice of 
reactor conditions, the entire X-T plot can be recorded under predominantly kinetically-
controlled conditions, and is still commonly called a light-off profile. Here, we will describe 
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such data that is free of transport influences as a variable temperature reaction profile. These 
data are rarely exploited for kinetic parameters (other than the activation energy, from the 
leading edge of the curve) although their analysis could alleviate several of the drawbacks of 
isothermal kinetic work. These include differences in sample (e.g., catalyst bed) and reactor 
characteristics across a series of isothermal runs, and variable temperature reactions that take 
place while the reactor is being heated to each desired temperature, giving the catalyst a 
complex thermal history. A method for the quantitative analysis of variable temperature 
reaction profiles could dramatically reduce the amount of time necessary to assess kinetic 
parameters for large numbers of heterogeneous catalysts, or even for a small number of 
catalysts under a wide range of reaction conditions. In principle, it would allow several 
kinetic parameters to be measured in a single experiment, minimizing the use of time and 
material and providing rapid results based on performance to guide catalyst synthesis. This 
in turn would allow researchers to allocate more resources to their most promising leads, and 
to reduce time spent on catalysts with inadequate properties.  
Since variable temperature reaction profiles cover a large temperature range, they 
generate richer kinetic information (thereby increasing the accuracy of derived kinetic 
parameters), and allow the validity of a proposed rate law to be assessed over a wider range 
of conversions. This in turn results in a more robust and versatile reaction model which 
more completely describes the behavior of industrial reactors, which often operate at high 
conversion and usually possess temperature gradients. As a corollary, abrupt or gradual 
changes in kinetic behavior (signaled by deviation from the expected shape of the reaction 
profile, or changes in the curve-fit parameters) can be used to identify precisely the 
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conditions where the reaction mechanism and/or the nature of the active sites change, or 
where the onset of mass transfer limitations occurs. 
A general method to extract reliable kinetic parameters from integral X-T data has 
yet to be reported. In this report, we show that analysis of kinetically-controlled variable 
temperature reaction profiles can be fast, simple to implement, and easy to assess for 
agreement between experiment and model. The straightforward analytical method does not 
depend on the availability of extensive prior kinetic information, and the results are 
quantitatively comparable to those obtained by conventional kinetic analysis. Since there is 
no need for long waiting periods associated with conventional data acquisition under 
isothermal steady-state conditions, experiments can be conducted much faster, and catalyst 
deactivation is less problematic. The method is applied to the catalytic oxidation of CO, H2 
and propane, all of which are key reactions in vehicle emissions control during catalyst 
warm-up. 
 
2.2. Derivation of analytical kinetic expressions 
Reactions that are kinetically-limited, obey Arrhenius behavior, and take place in a 
reactor that contains minimal temperature gradients and minimal resistance to mass transport 
can in principle be fully analyzed using only three relations: a rate law, the Arrhenius 
equation, and a reactor design equation (mass balance). For many reactions a simple power 
rate law is enough to fully capture the kinetics of the reactions under specific conditions. A 
power rate law can be written for j + 1 reactants in terms of the conversion X of the limiting 
reactant a with inlet concentration Ca,0 (mol m
-3
), where i is the ratio of inlet 
concentrations for reactants i and a, and mi and n are their reaction orders, Eq. 2.1.  
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The temperature dependence of the rate constant k is described by the Arrhenius equation, 
Eq. 2.2, where R (J mol
-1
 K
-1
) is the ideal gas constant. The apparent activation parameters A 
and Ea contain contributions from adsorption, and are presumed temperature-independent 
over the range of reaction conditions relevant to the variable temperature experiment (0.05 < 
X < 0.95).  
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Finally, the design equation for a packed bed reactor (PBR) expressed in terms of the 
catalyst mass, Wcat (g), is shown in Eq. 2.3, Ca,0 is the inlet concentration of the limiting 
reagent; 0 is the inlet volumetric flow rate of the feed gas; is analogous to the space-time 
(residence time) and is equal to Wcat/0 (gcat s m
-3
); a and bi are the stoichiometric 
coefficients of the limiting reagent a and other species i, respectively; and i is the molar 
ratio of species i and a. The reaction orders with respect to species a and i are designated n 
and mi, respectively. 
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Assuming the rate constant depends only on temperature (i.e. not on reactant 
concentrations), substituting Eqs. 2.1-2.2 into Eq. 2.3 yields a general form of the variable 
temperature kinetic equation, Eq. 2.4 (written in terms of a bimolecular rate law). 
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2.2.1. Rate laws with a single concentration dependence 
In favorable cases, Eq. 2.4 can be integrated and solved directly for the conversion. 
This is true for cases in which the rate law depends on a single concentration (unimolecular; 
m = 0) with an integer reaction order. Although the reaction itself may require more than one 
reactant, many reactions such as the oxidation of hydrogen [14, 15] or propane [16, 17] obey 
a unimolecular rate law. For example inverse-first (n = -1), zeroth (n = 0), first (n = 1), and 
second-order (n = 2) rate laws can be analytically evaluated in Eq. 2.4, resulting in reaction 
profile equations for X, Table 2.1. If the reaction order is not known it is possible to leave n 
variable, allowing for a solution to a general unimolecular reaction, Eq. 2.12, although n ≠ 1 
for this expression. 
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Table 2.1. Variable-temperature reaction profile equations for kinetically-limited reactions 
with unimolecular rate laws 
-ra = X = Eq. 
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Since the inlet temperature of the PBR changes continuously with time, inlet 
volumetric flow rate and reactant concentrations are not constant. According to the ideal gas 
law: 0 and Ca,0 are directly and inversely proportional to T, respectively, Eq. 2.5 – 2.6. At T 
= Tref, ref = Wcat/υ0,ref (gcat s m
-3
) and Ca,0,ref is the reference inlet concentration. Therefore, 
the residence time varies inversely with the temperature, Eq. 2.7. From Eq. 2.5 – 2.7, the 
volumetric flow rate, inlet concentration, and residence time is determined at any steady 
state inlet T for any reaction profile. 
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2.2.2. Rate laws with two concentration dependencies 
Analytical solutions for reaction profile equations can also be derived for power rate 
laws that make no assumption that m = 0 and have a bimolecular concentration dependence. 
Eq. 2.4 can be analytically integrated only if the ratio of the inlet concentrations is equal to 
the ratio of the stoichiometric coefficients for species b and a, i.e. b = b/a. The result, Eq. 
2.13, is listed in Table 2.2, and is only valid for (n + m) ≠ 1. If (n + m) = 1 and b = b/a, 
then the result is Eq. 2.14, which is identical to the unimolecular case for n = 1, m = 0. 
Otherwise Eq. 2.14 is similar to Eq. 2.10 except for the introduction of the factor b
m
 which 
is present in a product with k.  
For the more general case that b ≠ b/a, then Eq. 2.4 cannot be solved using 
analytical methods. However, approximate analytical solutions (Eq. 2.15-2.16) are obtained 
when (       ⁄ )    . When      ⁄  (i.e., all other reactants present in large excess 
over the limiting reactant), the approximation is valid for all values of X. However, when 
     ⁄ , Eq. 2.15 should only be used for low-to-moderate values of X (see Fig. 2.1). 
Although n cannot be exactly 1 in Eq. 2.15, the approximation still works for values close to 
1, i.e. 0.99; therefore, the relation can still be used for simulations or curve-fitting 
experimental reaction profiles. Alternatively, if the reaction order for a is known to be 
precisely 1, then Eq. 2.16 can instead be used. The result is similar to a unimolecular first-
order reaction profile equation with contributions from m.  
  22 
Table 2.2. Variable-temperature reaction profile equations for kinetically-limited reactions 
with bimolecular rate laws 
-ra = k Ca
n
 Cb
m
 X = Eq. 
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Fig. 2.1. Comparison of analytical and numerical solutions. 
Comparison of simulated reaction profiles for CO oxidation with equimolar reactants (n = -
1, m = 1; b = 1). The approximate analytical simulation using Eq. 2.15 (filled red circles) 
uses the approximation b - X b/a ≈ b. It is nearly superposable on the exact numerical 
simulation of Eq. 2.4 (open blue circles) up to X = 0.6 (the limit used for curve-fitting). 
Parameter values: C0,ref = 0.045 mol m
-3, ref = 1.8 x 10
4 gcatalyst s m
-3, Ea = 100 kJ mol
-1, A = 
108 mol gcat
-1 s-1.  
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2.3. Modeling of reaction profiles 
2.3.1. Analytical approximations compared to numerical solutions 
To validate the assumption that (       ⁄ )    , the analytical solution was 
simulated and compared to the numerical simulation of Eq. 2.4 using the same parameters. 
Reaction profiles for CO oxidation with a slight excess in O2 (b = 1) were simulated using 
the analytical solution, Eq. 2.15 (for b ≠ b/a = 1/2), and the numerical solution to Eq. 2.4 
(Fig. 2.1). The assumption of Eq. 2.15 is most accurate when b is much greater than b/a, 
therefore this instance where b is only twice as great as the ratio of the stoichiometric 
coefficients represents the worst case for the use of Eq. 2.15. The reaction orders were set to 
n = -1 (CO) and m = 1 (O2) [18-20]. The analytical solution deviates from the numerical 
solution at large conversions (X > 0.6) because b   b/a. However, the reaction profiles are 
nearly superposable below this conversion, validating the assumption that (       ⁄ )  
   at low values of X. Therefore reaction profiles for experiments with a small amount of 
excess reagents must be truncated in order to use Eq. 2.15-2.16 for curve-fitting. Although 
cases in which there is an excess greater than a factor of two will require less truncation, and 
the data sampled will always be much greater than that contained under differential 
conditions (i.e. X < 0.1 – 0.2). 
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2.3.2. Effects of inlet concentration on reaction profiles 
Simulations of reaction profiles for a kinetically-controlled reaction with a rate law 
containing a single concentration term (i.e., variable n; m = 0) are shown in Fig. 2.2. Four 
parameters (Ca,0,ref, ref, A, and Ea) were varied independently to explore their effects on the 
shapes and relative positions of the profiles. Information about the rate law is encoded in 
both the shape of the reaction profile and the concentration dependence of its position along 
the T-axis.  First-order (and pseudo-first-order) reactions (n = 1) give the familiar sigmoidal 
curve, in which the increase in conversion accelerates with increasing temperature, then 
decelerates as the concentration of reactant in most of the catalyst bed approaches zero. The 
position of the reaction profile is independent of inlet concentration (Eq. 2.10). This occurs 
because the concentration dependence of the rate law is the same as the concentration 
dependence of the reactor design equation.  
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Fig. 2.2. Effect of inlet concentration on profile position. 
Variable temperature reaction profiles simulated with Eq. 2.10 and Eq. 2.12 for a 
heterogeneously-catalyzed reaction with rate law –ra = k Ca
n
, conducted in a packed-bed 
reactor. Parameter values: τref = 1.8 x 10
4
 gcat s m
-3
, Ea = 100 kJ mol
-1
, A = 1 x 10
8
 (units 
depend on reaction order). C0,ref was varied from 0.0225 to 0.045 to 0.090 mol m
-3
, 
increasing in the direction of the arrows for n = 0 and 2. 
 
 
For overall reaction orders less than 1, reaction profiles simulated with the same 
reactor and activation parameters are shifted to significantly lower temperatures relative to 
the corresponding first-order reaction profiles. The rate acceleration with temperature is 
faster because the deceleration caused by decreasing concentration at high conversion is 
attenuated, (indeed, there is no deceleration for n ≤ 0, and the shape of the profile is non-
sigmoidal). Increasing Ca,0 displaces the reaction profile to higher temperatures, because of 
the higher concentration dependence of X in the reactor design equation relative to the rate 
law. In contrast, a reaction order higher than 1 causes the sigmoidal reaction profile to shift 
to significantly higher temperatures, and the entire profile extends over a much wider 
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temperature range. For this case, increasing Ca,0 displaces the profile to lower temperatures, 
because of the lower concentration dependence of X in the reactor design equation relative 
to the rate law. Understanding this qualitative trend in profile positions with inlet 
concentration, one could quickly generate a series of reaction profiles for different inlet 
concentrations as a diagnostic tool to quickly assess the reaction rate law. This test could 
give rapid insight into the order of a reaction and give evidence to suggest or refute a claim 
as to what the reaction order(s) are. 
Reaction profiles were simulated for bimolecular reactions using Eq. 2.15 – 2.16 in 
order to observe the effect of varying the concentration of the excess reagent, b, and thus Θb. 
Reaction orders were chosen to simulate CO oxidation under  CO-lean conditions (n = -1, m 
= +1) and CO rich conditions (n = +1, m = -1). Additionally, a net second-order (n = +1, m = 
+1) rate law was simulated. For each set of reaction orders the excess ratio Θb was set to 10, 
50, and 100, Fig. 2.3. The reaction profiles shift to a lower value of T50 for the CO-lean 
(green curves) and second-order (blue curves) when the concentration of excess reagent is 
increased. However the CO-rich (dashed red curves) profiles move to larger values of T50 as 
Θb increases. 
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Fig. 2.3. Effect of excess reactant concentration. 
Variable temperature reaction profiles simulated with Eq. 2.15 – 2.16 for a heterogeneously-
catalyzed reaction with rate law –ra = k Ca
n
Cb
m
, conducted in a packed-bed reactor. 
Parameter values: τref = 1.8 x 10
4
 gcat s m
-3
, Ca,0,ref = 0.045 mol m
-3
, Ea = 100 kJ mol
-1
, and A 
= 1 x 10
8
 (units depend on reaction order). The ratio of the inlet concentrations, Θb, was 
modeled equal to 10, 50, and 100. The arrows correspond to increasing the excess reactant 
concentration.   
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2.3.3. Effects of reaction order, residence time, and Arrhenius parameters on 
reaction profiles 
To aid in visually comparing their shapes, simulated reaction profiles with various 
reaction orders are aligned at the same T50 value in Fig. 2.4. The inset to Fig. 2.4 shows that 
T50 also changes dramatically as the overall reaction order changes, even when all other 
kinetic parameters have the same numerical values. In this example, T50 increases from 64 to 
101, 152 and 225 °C as the order in the limiting reagent changes from -1 to 0, 1 and 2, 
respectively.  
 
 
 
Fig. 2.4. Comparison of shape and position for unimolecular rate laws. 
Variable temperature reaction profiles simulated with Eq. 2.10 and Eq. 2.12 for four rate 
laws with a single concentration term. Reaction profiles are aligned to a single T50 to 
emphasize differences in shape. The inset shows the unaligned reaction profiles. Simulation 
parameters: C0,ref 0.045 mol m
-3ref = 1.8 x 10
4 gcat s m
-3, A = 1 x 108 (units depend on the 
reaction order), Ea = 100 kJ mol
-1.  
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Increasing the catalyst loading and/or decreasing the volumetric flow rate causes  to 
increase, which in turn causes T50 to decrease, as shown in Fig. 2.5A for a reaction with a 
first-order rate law (simulated using Eq. 2.10). Increasing the Arrhenius pre-exponential 
factor also shifts the reaction profile to lower temperatures, Fig. 2.5B. Since Eq. 2.10 
contains the product of A and , a change in one parameter is indistinguishable from an 
equivalent change in the other. As expected, changes in Ea have the largest effect on the 
position of the reaction profile: a 5 % change in the value shifts the reaction profile by 22 
°C, Fig. 2.5C. In contrast, either A or  must change by a factor of 5 to cause a similar 
change in T50 (26 °C).  
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Fig. 2.5. Effect of τ, A, and Ea on reaction profiles. 
Simulated variable temperature reaction profiles with Eq. 2.10 for a first-order rate law with 
a single concentration term. The simulation parameters for the middle profile in each set are: 
C0,ref = 0.045 mol m
-3, ref = 1.8 x 10
4 gcat s m
-3, A = 1 x 108 m3 gcat
-1 s-1, Ea = 100 kJ mol
-1. 
(A) Effect of a five-fold increase or decrease in  (i.e., by changing either υ0 or W); (B) 
effect of a five-fold increase or decrease in A; and (C) effect of a 5 % increase or decrease in 
Ea.   
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As the inset to Fig. 2.4 demonstrates, an integer increase in the reaction order n 
causes a dramatic increase in T50, even when the activation energy remains the same. 
Furthermore, the magnitude of ΔT50 increases with the reaction order (e.g., from 37 °C when 
n changes from -1 to 0, up to 73 °C when n changes from 1 to 2). To cause a similar shift in 
T50, the rate constant must change by a factor of ten. For example, a ten-fold decrease in A 
causes T50 for a first-order reaction to increase by 39 °C, whereas a change in the reaction 
order to n = 0 causes T50 to decrease by 51 °C.  
Simulated profiles for bimolecular reactions with various reaction orders show that 
each rate law gives a profile with a distinctive shape and position, Fig. 2.6. Rate laws that 
depend on two species (a and b) were modeled with a large excess (b = 50), as well as for 
a limiting L-H rate law at stoichiometric conditions (b = b/a). Rate laws that depend on 
two species in which the limiting reactant has a reaction order of one have a similar shape 
when b >> b/a. When the second reactant is inhibiting (m = -1), the activity increases 
slower under, and faster above X = 0.5, compared to the case in which the rate depends on 
only one concentration. The opposite is true when the excess reactant has a positive reaction 
order. Inverse-first order behavior is observed for a limiting L-H rate law (n = -1, m = 1) 
with large excess. The shape of a simulated profile for a bimolecular rate law is similar to 
the shape of a profile for a unimolecular rate law provided the reaction order of the limiting 
reactant is the same. The limiting L-H rate law modeled for a stoichiometric reaction is 
nearly identical in shape to the pseudo-zeroth-order rate law. Simulated profiles where the 
reaction order with respect to the limiting reactant is inverse-first order or zeroth order 
contains a discontinuity at maximum conversion that is absent when the limiting reactant has 
a positive reaction order.  
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Fig. 2.6. Comparison of bimolecular and unimolecular rate laws. 
Simulated variable temperature reaction profiles with Eqs. 2.12, 2.15 – 2.16. C0,ref = 0.045 
mol m
-3
, ref = 1.8 x 10
4
 gcat s m
-3
, A = 1 x 10
8
 m
3
 gcat
-1
 s
-1
, Ea = 100 kJ mol
-1
. (A) Effect of a 
five-fold increase or decrease in  (i.e., by changing either υ0 or W); (B) effect of a five-fold 
increase or decrease in A; and (C) effect of a 5 % increase or decrease in Ea. 
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2.4. Conclusions 
Bimolecular surface reactions generally follow Langmuir-Hinshelwood-type 
mechanisms, which give rise to rate laws with large numbers of adjustable parameters. Their 
precise formulation remains an open topic for discussion even in nominally simple systems, 
such as CO oxidation over noble metal catalysts [21, 22]. Fortunately, adsorption/desorption 
phenomena are often rapid relative to surface reactions over the range of conditions sampled 
in a single reaction profile, making it possible to describe the rate using a simple power law, 
as shown in Eq. 2.4. 
 Both the shape and the position of the reaction profile are influenced by the reaction 
order with respect to the limiting reactant. At high excess, simulated reaction profiles are 
dominated by the order of reaction with respect to the limiting reactant, while at small to no 
excess an intermediate case exists. The position of reaction profiles changes with kinetic and 
reactor parameters such as Ea, Ci,0, and τ , and the nature of the change is dependent on the 
rate law. Therefore simple diagnostic tests where one or more parameters are varied can give 
experimentalists a general understanding of the rate law based solely on the shape and 
position of the reaction profile. 
 The analytical variable-temperature reaction profile equations developed here are 
applicable to kinetically-limited reactions occurring in a packed bed reactor. These 
equations can be simulated, assuming the kinetics are understood, to predict how the 
reaction will respond to a change allowing researchers to forego experiments. In principle 
these equations allow for the rapid quantitative analysis of experimental reaction profiles 
through curve-fitting variable-temperature reaction profiles.  
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Chapter 3: Rapid Extraction of Information from Kinetically-Limited 
Experimental Reaction Profiles 
3.1. Experimental Methods 
3.1.1. Materials 
The catalyst selected to explore reaction profile analysis is 2.0 wt% PdO supported 
on γ-Al2O3 (Sasol HTA-102, surface area 76 m
2
 g
-1
, pore volume 0.60 cm
3
 g
-1
, median pore 
radius 15 nm), hereafter called Pd/Al2O3. It was prepared by incipient wetness impregnation 
of the γ-Al2O3 with aqueous Pd(NO3)2 (Heraeus, 99.99 %). The resulting solid has an 
average Pd particle size of (2.8 ± 0.6) Å (assessed by transmission electron microscopy). 
The as-prepared catalyst was dried in air at 100 °C, followed by calcination at 150 °C for 2 
h, 450 °C for 2 h, and 600 °C for 4 h. To minimize the formation of hot spots in the catalyst 
bed, the resulting powder (40 mg) was sieved to a mesh size of 80/100 (150-180 m) and 
diluted with SiC (Sigma Aldrich, >97.5 %, 200 mesh size) in a 1:3 ratio (w/w), unless 
specified otherwise.  
All high purity gasses were supplied by Praxair: Ar (99.999 %), O2 (99.99 %, and 
5000 ppm in Ar, 99.99 %), CO2 (5000 ppm in Ar, 99.99 %), CO (5005 ppm in Ar, 99.99 %), 
C3H8 (5138 ppm in Ar, 99.99 %) and H2 (4913 ppm in Ar, 99.99 %).  
3.1.2. Catalytic reaction conditions 
Complete oxidation of H2, C3H8, and CO, each catalyzed by Pd/Al2O3 in the 
presence of O2, were chosen as test reactions, in part because their limiting rate laws are 
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simple and there no side-reactions are expected. In addition, their activation parameters vary 
little with conversion over the range of reaction conditions studied (see below). For H2 
oxidation, reaction profiles were recorded under O2-rich conditions relevant to diesel 
oxidation catalysts (1000 ppm H2, 100 000 ppm O2, balanced by Ar). In this concentration 
regime, the reaction orders are 0 and 1 with respect to O2 and H2, for H2 oxidation over 
transition metals [1]. Reaction profiles for C3H8 oxidation were also recorded in an O2-rich 
atmosphere (1000 ppm C3H8, 100 000 ppm O2, balanced by Ar). Under these conditions, the 
reaction orders with respect to O2 and C3H8 are 0 and 1, respectively, over Pd-based 
catalysts [2].  
CO oxidation was conducted with equimolar reactant concentrations (CCO,0 = CO2,0 = 
1000 ppm, balanced by Ar), relevant to three-way catalysis. Over Pd-based catalysts, CO 
generally inhibits the reaction rate because its low-temperature adsorption on the metal is 
more favorable than that of O2 [3]. The experimentally-determined reaction orders are +1 
and -1 with respect to O2 and CO [3], resulting in an overall reaction order of zero when the 
inlet concentrations are similar. 
3.1.3. Recording reaction profiles 
Variable-temperature kinetic experiments were carried out in a CATLAB micro-
reactor (Hiden Analytical). The tubular quartz reactor has an inner diameter of 3.88 mm. 
The short catalyst bed (< 4 mm) was held in place between two plugs of quartz wool, giving 
a typical catalyst bed volume of 5 x 10
-8
 m
3
 (0.05 mL). The pressure drop across the bed was 
measured to be less than 70 mbar. Since the catalyst bed is essentially isothermal during 
each measurement, the temperature of the entire reactor is described by a single value, 
measured by a K-type thermocouple (Omega KQXL, 0.05 s response time) in contact with 
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the front end of the catalyst bed. During variable temperature experiments, the reactor was 
heated in a tube furnace at a constant rate of 5 K min
-1
. The composition of the effluent gas 
stream was monitored using a close-coupled online quadrupole mass spectrometer (HR-20, 
Hiden Analytical). A secondary electron multiplier (SEM) detector was used to monitor 
signals for CO2 (m/z = 44), H2 (m/z = 2), or C3H8 (via its ethyl fragment, at m/z = 29), 
whose intensities were recorded every 0.6 s. The reactor setup and experimental design are 
shown schematically in Fig. 3.1. 
 
Fig. 3.1. Reactor schematic. 
(A) Reactor scheme for variable-temperature kinetics experiment in a tubular packed-bed 
reactor. The reactor inlet and outlet as well as the catalyst bed (orange) are heated in a tube 
furnace. At any given time, the entire reactor temperature is essentially constant, while the 
concentration of the limiting reactant a decreases as a function of axial distance. (B) The 
variable-temperature reaction profile is constructed from analysis of the effluent gas while 
the reactor temperature of the reactor is ramped at constant dT/dt.  
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For reproducibility, each catalyst sample was pre-treated in a flow of the appropriate 
feed gas for 3 h at a temperature for which the conversion of the limiting reactant was 
slightly greater than 0.95. Reactant gas flow rates were varied using mass flow controllers (3 
– 100 mL min-1). A series of reaction profiles was recorded for volumetric flow rates 
between 25 and 70 mL min
-1 
(corresponding to gas-hourly space velocities, GHSV, of 3 – 9 
x 10
4
 h
-1
), varying in random order. At each flow rate, three reaction profiles were recorded 
sequentially. For H2 and C3H8 oxidation, conversion was calculated from the loss of signal 
intensity for the limiting reactant, Ia, Eq. 3.1, while for CO oxidation, the yield of the 
product CO2, ICO2, was monitored, Eq. 3.2.  
 
  
(         ) (        )
         
 
      
         
      (3.1) 
  
          
                  
        (3.2) 
 
Izero corresponds to the signal intensity recorded at full conversion (for 0 ppm), Iin 
corresponds to the maximum inlet signal intensity (below the onset of activity), and Icalibration 
is the signal for the calibration gas (CO2) measured at the same flow rate. 
3.1.4. Minimization of non-kinetic effects 
Heat and mass transfer effects must be negligible to allow for curve-fitting of the 
analytical VTK equations described below to the reaction profiles, and to ensure that 
parameters extracted from these profiles are purely kinetic. In order to minimize non-kinetic 
effects, experiments were conducted with large amounts of inert diluents (Ar, SiC) in both 
the feed gas and in the catalyst bed. The possible contributions of external and internal mass 
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transfer as well as heat transfer to the observed reaction rates are negligible according to 
Mears’ criterion [4], the Weisz-Prater criterion [5], and Mears’ heat criterion [6] (see 
Appendix 3 for sample calculations).  
Possible contributions from non-kinetic effects were also assessed experimentally. 
Reaction profiles were typically recorded with ca. 11 mg catalyst sieved to 150 – 180 μm 
and diluted 1:3 with SiC, at a temperature ramp rate of 5 K min
-1
. Reaction profiles for 
propane oxidation recorded for different reactor loadings of catalyst, while keeping constant 
the ratio of catalyst mass to volumetric flow rate [4], are nearly superposable (Fig. A3.1). 
Rates for propane oxidation did not change with catalyst particle diameter (Fig. A3.1). Thus 
external and internal mass transfer rates do not affect the observed reaction rates 
significantly. The absence of thermal lag due to the heat of reaction was verified 
experimentally. Reaction profiles for H2 oxidation recorded at temperature ramp rates from 
2 – 7 K min-1 resulted in identical T50 values and near-superposable curves (Fig. A3.3), 
attesting to the absence of thermal lag for this reactor configuration. Finally, reaction 
profiles for propane oxidation were unaffected by the catalyst dilution ratio (Fig. A3.2).  
The use of a temperature ramp rate that is slow relative to the reactor residence time 
(ca. 0.001 min) ensures negligible accumulation of heat due to reaction, so that the catalyst 
bed remains near-isothermal during each measurement of conversion at a particular reactor 
temperature. In CO oxidation at an overall conversion of 0.2, the measured bed entrance and 
exit temperatures were the same, 120 °C, within the measurement uncertainty. At full 
conversion, the bed exit temperature (150 °C) was slightly higher than the entrance 
temperature (149 °C). Consequently, we assumed that axial temperature gradients were 
negligible, and that the temperature of the entire bed can be described by a single value 
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measured at the entrance. In a recent series of CO oxidation experiments conducted using 
similar conditions (1000 ppm CO, 10% O2 flowing at 50 mL min
-1
 over undiluted 4 wt% 
Pt/Al2O3 in a reactor with an inner diameter of 1.7 mm), temperatures across the entire 
catalyst bed were measured directly using IR thermography [7]. The maximum difference in 
local temperatures was only 2 °C. In our experiments, the use of inert diluents for both the 
feed gas and the catalyst bed are expected to result in even smaller temperature variations 
[6]. 
3.1.5. Curve-fitting reaction profiles 
Reaction profiles were analyzed individually, as well as simultaneously (i.e., 
globally), for a series of profiles recorded with different volumetric flow rates, via non-
linear least-squares refinement to the kinetic equations. The Arrhenius relationship for the 
rate constant, design equation for a packed bed reactor, and a power rate law were integrated 
and solved analytically for conversion. The solution for a bimolecular power rate law in 
which the reaction order with respect to the limiting reactant is first-order was fitted to 
experimental reaction profiles, Eq. 3.3. A bimolecular rate law in which the reaction orders 
with respect to the limiting and excess reactants are unknown and left as variables n and m, 
respectively, was also used, Eq. 3.4. 
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 Analyses were performed using either Origin (OriginLab) or Kaleidagraph (Synergy 
Software). Initial parameter guesses for the activation parameters A and Ea were chosen 
based on previously reported values, and/or values estimated using (X,T) data from the 
differential region of the reaction profile. The results are not sensitive to changes in these 
initial values. In individual curve-fits, A and Ea were refined, as well as one or two reaction 
orders (as specified below). In simultaneous curve-fits to multiple reaction profiles, Ea and 
the reaction order for each reactant were refined as global fit parameters. Initial values for 
the reaction orders were chosen based on literature values as well as visual inspection of the 
shapes of the profiles. Since the pre-exponential term A appears in the curve-fitting 
equations as the product A, where  is the varying space-time (), A was refined as a 
separate parameter for each reaction profile to reduce the impact of experimental error in  
on refinement of A. The reported value of A is the average for all reaction profiles. A curve-
fit was judged acceptable if the residuals were random and the refined parameters were 
physically reasonable. Furthermore, it was possible to truncate experimental reaction 
profiles to variable extents without significantly changing the values of refined parameters. 
The uncertainty σEa was estimated using full error propagation according to Eq. 3.5, 
where σT and σra are the estimated uncertainties in the temperature and rate, respectively, 
and ΔT and Δ(ln[-ra]) are the ranges of T and -ra, respectively, used in the analysis [8].  
 
(     ⁄ )
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The uncertainty in A was estimated as the standard deviation of the average for all pre-
exponential values. To estimate the uncertainty in the rate laws with two variable reaction 
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orders, one reaction order was fixed to its refined value while the other was fixed manually 
above and below its original curve-fitted value until either Ea or A exceeded its 
predetermined uncertainty. 
3.1.6. Conventional kinetic analysis 
After all reaction profiles had been recorded under a given set of reaction conditions, 
the reactor was operated at steady-state for several temperatures corresponding to 0.01 < X < 
0.10. The reaction rate was calculated, then Ea was obtained from the slope of an Arrhenius 
plot constructed using ln(-ra) vs. T
-1. The uncertainty σA was calculated using error 
propagation analogous to Eq. 3.5 (replacing σEa and Ea by σA and A, respectively). Arrhenius 
plots were also constructed by plotting ln(k) vs. T
-1
, where k values were calculated 
according to a power rate law, using appropriate integer reaction orders obtained from the 
literature. Sample calculations can be found in Appendix 3. 
 
3.2. Linear analysis of differential kinetic data 
Three different catalytic reactions were studied in the presence of a Pd/Al2O3 
catalyst. In order to validate kinetic parameters for the reactions of H2, C3H8, and CO with 
O2 obtained by analysis of their variable-temperature reaction profiles (see below) using 
non-linear curve-fitting, we also measured steady-state conversions under differential 
conditions. Under the conditions of interest here, the rate laws for all three reactions can be 
represented by a simple power law. Arrhenius plots were constructed using reaction rates 
(which yield accurate values for Ea only when measured under differential conditions, X < 
0.1, see Appendix 3). The formulation of the rate law in the packed bed reactor design 
equation reveals a key unstated assumption in the direct use of X, -ra or TOF to create 
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Arrhenius plots, namely, that all variables other than k (i.e., Fa,0 and Ci) are temperature-
independent. This assumption is indeed reasonable when the conversion is low, since all 
such terms are approximately constant. In addition, while Ea can always be extracted from 
the differential Arrhenius slope, the y-intercept yields an accurate value for A only with the 
much stricter condition that X ≈ 0. Arrhenius plots were also constructed using apparent rate 
constants (by fixing reaction orders to values obtained in previous studies), in order to obtain 
physically meaningful values for A. The results are shown in Figs. A3.5-3.7 and Table 3.1.
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3.3. Extracting kinetic parameters from variable-temperature reaction profiles 
3.3.1. Curve-fitting of individual reaction profiles for H2 oxidation 
Reaction profiles for H2 oxidation catalyzed by Pd/Al2O3 were recorded with a large 
excess of O2 (CH2,0 = 1000 ppm; CO2,0 = 100 000 ppm). At each volumetric flow rate, three 
sigmoidal reaction profiles were recorded, and are superposable (Fig. A3.8). This finding 
demonstrates that catalyst deactivation is negligible. For two of the flow rates, the third 
reaction profile of each series is shown in Fig 3.2. Increasing υ0 from 30 to 70 mL min
-1
 
causes T50 to increase (Fig. 3.5), as predicted by simulations.  
 
 
 
Fig. 3.2. Individual curve-fits for H2 oxidation. 
Representative reaction profiles for H2 oxidation (1000 ppm H2, 100 000 ppm O2, balance 
Ar) over Pd/Al2O3 (11.4 mg) diluted in SiC (34.5 mg), recorded at flow rates of 30 (open red 
circles, GHSV = 3.8 x 10
4
 h
-1
) and 70 mL min
-1
 (solid blue circles, GHSV = 8.9 x 10
4
 h
-1
). 
Only one reaction profile (of three recorded) is shown for each flow rate, and every 20
th
 
datapoint is displayed (the full set of profiles is shown in Fig 3.5). Lines are individual 
curve-fits of Eq. 3.3 to the full data range (46 ≤ T ≤ 195 °C) for a single reaction profile. 
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The orders of reaction with respect to H2 and O2 are known to be 1 and 0, 
respectively [1]. Since O2 = 100, the sigmoidal shape of the reaction profile is determined 
principally by the positive reaction order with respect to the limiting reactant, H2. As shown 
above (Fig. 3.2), the inlet concentration should not affect the position of the reaction profile 
for a first-order reaction. Indeed, profiles recorded at different inlet H2 concentrations (CH2,0 
= 500 or 1000 ppm) have an identical T50 values and are virtually superposable (Fig. A3.9).  
For each value of υ0, Eq. 3.3 was first curve-fit to a single reaction profile over the 
entire X-T range. Two of the curve-fits are shown superposed on the experimental data in 
Fig. 3.2. The excellent agreement between the model and the data is readily assessed 
visually. It confirms that heat and mass transfer effects do not influence the rate over the 
entire range of conversion. The average values of Ea and A from the individual curve-fits are 
(66 ± 2) kJ mol
-1
 and (5 ± 1) x 10
4
 m
3
 gcat
-1
 s
-1
, respectively. This Ea is similar to a value 
reported for the oxidation of 1000 ppm H2 in air, catalyzed by oxide-supported Pd 
nanoparticles, 53 kJ mol
-1 
 [9]. It also agrees with values determined here in a differential 
reactor (Table 3.1), while the value for A differs by a factor of 3. 
The amount of data collected in a single, variable-temperature reaction profile is 
clearly more than sufficient to obtain reliable kinetic parameters. Averaging curve-fit 
parameters from multiple individual fits did not alter the values significantly. Indeed, 
essentially the same values were obtained when just 1% of the data from a single reaction 
profile (for a total of ten data points, evenly spaced in X) was used in the curve-fit. The 
effect of truncating the reaction profile was also explored. For the profile recorded at υ0 = 40 
mL min
-1
, a curve-fit of Eq. 3.3 using data limited to X ≤ 0.2 yielded the same Ea value, (66 
± 3) kJ mol
-1
, as did curve-fits to data truncated at other, intermediate conversions.  
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It is not uncommon for spurious correlations between Ea and A to appear in kinetic 
analyses, because of their very different magnitudes and non-linear relationship [10]. The 
correlation can be minimized by temperature-centering, in which a reference rate constant, 
k0, is defined at a temperature T0 relevant to the reaction conditions, Eq. 3.6 [11, 12]. While 
Eq. 3.6 is mathematically equivalent to the usual Arrhenius relationship for k, it has the 
potential benefits of reducing the search space for the pre-exponential factor, as well as 
minimizing correlations between A and Ea. 
 
       0 
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/1      . 
  
   
/    0 
  
 
.
 
 
 
 
  
/1  (3.6) 
 
When this formulation for the rate constant was used to modify Eq. 3.3, and k0 and 
Ea were refined in a curve-fit to the data in Fig. 3.2, the resulting kinetic parameters were 
indistinguishable from those obtained using Eq. 3.3 directly, suggesting that the non-linear 
analysis method does not generate inherently correlated activation parameters.  
The reaction orders were also studied as variable curve-fit parameters using Eq. 3.4. 
The results are shown in Fig. A3.10. The corresponding average values of Ea and A are 
essentially unchanged, at (61 ± 2) kJ mol
-1
 and (9.1 ± 0.3) x 10
3
 m
3
 gcat
-1
 s
-1
, respectively. 
The average fitted reaction orders with respect to H2 and O2 are (0.9 ± 0.1) and (-0.2 ± 0.5), 
respectively. Similar fit parameters were obtained at each flow rate.  
3.3.2. Curve-fitting of individual reaction profiles for propane oxidation 
Reaction profiles for propane oxidation catalyzed by Pd/Al2O3 were recorded in a 
similar fashion, with a large excess of O2 (CC3H8,0 = 1000 ppm; CO2,0 = 100 000 ppm). 
According to Fig. 3.3, their sigmoidal shape signals that the rate law has a positive reaction 
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order for the limiting reactant, propane. As expected, the reaction profile shifts to higher 
temperatures with increasing volumetric flow rate. Compared to profiles for H2 oxidation, 
the T50 values for propane oxidation are far higher (at the same concentrations and flow 
rate), consistent with an activation energy for propane oxidation that is approximately twice 
as large. 
 
 
 
Fig. 3.3. Individual curve-fits for C3H8 oxidation. 
Representative reaction profiles for propane oxidation (1000 ppm C3H8, 100 000 ppm O2, 
balance Ar) over Pd/Al2O3 (11.8 mg) diluted in SiC (30.9 mg), recorded at flow rates of 40 
(hollow red circles, GHSV = 5.1 x 10
4
 h
-1
) and 60 mL min
-1
 (solid blue circles, GHSV = 7.6 
x 10
4
 h
-1
). Only one reaction profile is shown for each flow rate (of two recorded), and every 
100
th
 datapoint is shown (the full set of profiles is shown in Fig. 3.6). Lines are individual 
curve-fits of Eq. 3.3 to the full data range, 180 ≤ T ≤ 350 °C.   
0.0
0.2
0.4
0.6
0.8
1.0
200 250 300
C
3
H
8
 c
o
n
v
e
rs
io
n
temperature / °C
0 = 30 mL min
-1
0 = 70 mL min
-1
  50 
Curve-fits of individual reaction profiles using the entire temperature/conversion 
range were obtained using Eq. 3.3. The resulting average values of Ea and A, (114 ± 3) kJ 
mol
-1 
and (1.0 ± 0.3) x 10
7
 m
3
 gcat
-1
 s
-1
, respectively, agree well with the values from 
differential steady-state measurements in Table 3.1. The activation energy is close to the 
high end of the range of values reported for propane oxidation in O2-rich conditions 
catalyzed by Pd foil, wire and nanoparticles supported on -Al2O3, typically 60-100 kJ mol
-1
 
[2, 13, 14]. Curve-fits obtained using Eq. 3.4 instead yielded average values for Ea and A of 
(107 ± 4) kJ mol
-1 
and (1.4 ± 0.3) x 10
6
 m
3
 gcat
-1
 s
-1
, respectively, as well as reaction orders 
of (0.9 ± 0.1) and (-0.5 ± 0.8) with respect to propane and O2, respectively.  
3.3.3. Curve-fitting of individual reaction profiles for CO oxidation 
Reaction profiles for CO oxidation with equimolar reactant concentrations (CCO,0 = 
CO2,0 = 1000 ppm) catalyzed by Pd/Al2O3 were recorded at volumetric flow rates from 25 to 
50 mL min
-1
. Under these conditions, the rate law is expected to be close to zeroth-order 
overall (since the orders of reaction are +1 and -1 with respect to O2 and CO, respectively). 
Two representative profiles are shown in Fig. 3.4. The profiles shift to higher temperatures 
as the volumetric flow rate increases. The rate of increase in activity accelerates with 
increasing temperature over nearly the entire temperature range. Such behavior is predicted 
qualitatively by a simulated zeroth-order reaction profile. At the lowest volumetric flow rate 
(25 mL min
-1
), the rate continues to accelerate nearly to X = 1. At higher flow rates, 
deceleration at X > 0.85 results in a sigmoidal appearance. 
Prior to curve-fitting with Eq. 3.4, each reaction profile was truncated at X = 0.6 to avoid 
possible complications from mass and/or heat transfer limitations, as well as changes in the 
surface chemistry, which can alter the observed rate law. In addition, the use of Eq. 3.4 is 
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not justified for X > 0.6, where the analytical and numerical solutions differ for O2 ≈ b/a. 
Further truncation (i.e., below X = 0.6) did not affect the fit parameters. Representative 
curve-fits, with fixed reaction orders of -1 and +1 with respect to CO and O2, to the 
individual truncated reaction profiles are shown in Fig. 3.4. The average values for Ea and A 
obtained from fits at all flow rates are (98 ± 3) kJ mol
-1
 and (3 ± 2) x 10
6
 mol gcat
-1
 s
-1
, 
respectively. (Fixing the reaction order with respect to O2 instead at +0.5, implying 
dissociative chemisorption of O2, barely changes these results.) The value of Ea, (96 ± 4) kJ 
mol
-1
, and the refined value of A, (3 ± 2) x 10
5
 mol
3/2
 gcat
-1
 s
-1
 m
-3/2
, agree with those 
obtained by differential analysis (Table 3.1). 
 
 
 
Fig. 3.4. Individual curve-fits for CO oxidation. 
Representative reaction profiles for CO oxidation (1000 ppm CO2, 1000 ppm O2, balance 
Ar) over Pd/Al2O3 (11.3 mg) diluted in SiC (35.4 mg), recorded at flow rates of 25 (open red 
circles, GHSV = 3.2 x 10
4
 h
-1
) and 50 mL min
-1
 (solid blue circles, GHSV = 6.3 x 10
4
 h
-1
). 
Only one reaction profile (of three recorded) is shown for each flow rate, and approx. one-
third of the data recorded is displayed (the full set of profiles is shown in Fig. 3.7). 
Individual curve-fits of Eq. 3.4 are shown for fixed values of n = -1 and m = 1, and 0 ≤ X ≤ 
0.6 (solid lines). Dashed lines show curve-fits extrapolated for 0.6 < X ≤ 1. 
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When the individual curve-fits were repeated using Eq. 3.4 and variable reaction 
orders n and m, the average values obtained were (-1.7 ± 0.5) and (2.2 ± 1.7), respectively. 
While the average sum (n + m) is (0.5 ± 2.2), which is indistinguishable from the expected 
value (0), the uncertainty is very large. The opposing reaction orders in the rate law, in 
combination with the choice of equimolar inlet concentrations, together make it particularly 
difficult to distinguish n and m in the curve-fit of a single reaction profile. Therefore, global 
curve-fitting was explored to determine whether more reliable rate law information for 
complex rate laws can be obtained in this way. 
 
 3.4. Global curve-fitting of variable-temperature reaction profiles  
3.4.1. Simultaneous analysis of H2 oxidation profiles 
The global fit of Eq. 3.4 to the set of ten H2 oxidation profiles (two profiles recorded 
consecutively at each of five different values of υ0) is shown in Fig. 3.5. The activation 
energy and reaction orders were refined as global variables.  The global fit reproduces the 
shape and position of each reaction profile. The resulting activation energy is (61 ± 2) kJ 
mol
-1
, while the average value of A is (8.4 ± 0.9) x 10
3
 m
3
 gcat
-1
 s
-1
, Table 2. The agreement 
with Ea values from differential, steady-state analysis, as well as with values obtained by 
curve-fitting individual reaction profiles (Table 3.1), is excellent.  
  
  53 
 
Fig. 3.5. Global curve-fits for H2 oxidation profiles. 
Reaction profiles (symbols) for H2 oxidation (1000 ppm H2, 100 000 ppm O2, balance Ar) 
over Pd/Al2O3 (11.4 mg) diluted in SiC (34.5 mg). Only one reaction profile (of three 
recorded) is shown for each flow rate (GHSV = 3.8 – 8.9 x 104 h-1), and every 20th datapoint 
is displayed. Lines are global curve-fits of Eq. 3.4 to the full data range (46 °C ≤ T ≤ 195 °C) 
for every reaction profile. Ea, n, and m were refined as global parameters. The pre-
exponential factor A was refined separately for each profile.  
 
 
Table 3.2. Apparent Arrhenius parameters and reaction orders extracted from global curve-
fits
a
 of Eq. 7 to reaction profiles 
Reaction b A Ea / kJ mol
-1
 n m 
H2 + ½ O2  H2O
 b
 100 (8.4 ± 0.9) x 10
3
 61 ± 2 0.9 ± 0.1 -0.3 ± 0.4 
C3H8 + 5 O2  3 CO2 + 4 
H2O
 c
 100 (2.7 ± 0.4) x 10
6
 110 ± 3 0.9 ± 0.1 0.2 ± 0.3 
CO + ½ O2  CO2 
d
 1 (1.5 ± 0.4) x 10
5
 91 ± 6 -1.1 ± 0.1 0.8 ± 0.2 
a
 Ca. 11 mg Pd/Al2O3 diluted 1:3 with SiC.
 
Uncertainties in A are the standard deviation of the average value 
for duplicate runs at five different volumetric flow rates (typically, υ0 = 25 - 70 mL min
-1
, GHSV = 3.2 – 
8.9 x 10
4
 h
-1
). Uncertainties in Ea were obtained by full error propagation using Eq. 3.5.
 
b
 CH2,0 = 1000 ppm, CO2,0 = 100 000 ppm. Dimensions of A are m3 gcat-1 s-1. 
 
c CC3H8,0 = 1000 ppm, CO2,0 = 100 000 ppm. Dimensions of A are m3 gcat-1 s-1.  
d CCO,0 = 1000 ppm, CO2,0 = 1000 ppm. Dimensions of A are molCO gcat-1 s-1.   
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The globally-refined values for the reaction orders with respect to H2 and O2, (0.9 ± 
0.1) and (-0.3 ± 0.4), respectively, are unchanged from the values obtained in the individual 
curve-fits. The corresponding activation parameters are shown in Table 3.2. Fixing the 
reaction order with respect to O2 to an integer value (i.e., m = -1, 0 or 1) did not cause the 
refined value of Ea to change significantly. When fixed at the reported value (m = 0), the 
global fit of Eq. 3.4 gave a refined Ea value of (61.2 ± 1.8) kJ mol
-1
, an average pre-
exponential factor of (7.0 ± 0.8) x 10
3
 m
3
 gcat
-1
 s
-1
, and a reaction order with respect to H2 of 
(0.9 ± 0.1). 
3.4.2. Simultaneous analysis of propane oxidation profiles 
 A similar approach was used for propane oxidation, by simultaneous curve-fitting of 
Eq. 3.4 to ten reaction profiles (two superposable profiles recorded at each flow rate over the 
entire data range, 180 – 320 °C), with Ea, n and m as global variables (Fig. 3.6). The 
resulting activation energy is (110 ± 3) kJ mol
-1
, while the average value of A is (2.7 ± 0.4) x 
10
6
 m
3
 gcat
-1
 s
-1
. The reaction order for propane refines to n = (0.9 ± 0.1), while the reaction 
order in O2 refines to m = (0.2 ± 0.3), in agreement with the literature value (0) [2]. The 
values of Ea and n agree with values obtained from differential steady-state analysis and 
variable-temperature analysis of individual reaction profiles, while the value of A is an order 
of magnitude smaller. Repeating the global fit while fixing the reaction order with respect to 
O2 at zero did not affect the values of Ea, A, or n.  
  55 
 
Fig. 3.6. Global curve-fit for C3H8 oxidation profiles 
Reaction profiles (symbols) for C3H8 oxidation (1000 ppm C3H8, 100 000 ppm O2, balance 
Ar) over Pd/Al2O3 (11.8 mg) diluted in SiC (30.9 mg). Only one reaction profile (of three 
recorded) is shown for each flow rate (GHSV = 3.8 – 8.9 x 104 h-1), and every 100th 
datapoint is displayed. Lines are global curve-fits of Eq. 3.4 to the full data range (180 °C ≤ 
T ≤ 350 °C) for every reaction profile. Ea, n, and m were refined as global parameters. The 
pre-exponential factor A was refined separately for each profile.  
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3.4.3. Simultaneous analysis of CO oxidation profiles 
 The simultaneous fit of Eq. 3.4 to ten reaction profiles, each truncated at X = 0.6, was 
conducted as described above, with refinement of both reaction orders n and m. The results 
are shown in Fig. 3.7. The activation energy Ea, (93 ± 3) kJ mol
-1
, and the average value for 
the pre-exponential factor, (1.5 ± 0.4) x 10
5
 molCO gcat
-1
 s
-1
, are the same as the values in 
Table 1. In addition, both refined reaction orders, (-1.1 ± 0.1) and (0.8 ± 0.2) with respect to 
CO and O2, respectively, are consistent with literature values [3].  
 
 
 
Fig. 3.7. Global curve-fits for CO-equimolar oxidation profiles. 
Reaction profiles (symbols) for CO oxidation (1000 ppm CO, 1000 ppm O2, balance Ar) 
over Pd/Al2O3 (11.3 mg) diluted in SiC (35.4 mg). Only one reaction profile (of three 
recorded) is shown for each flow rate (GHSV = 3.2 – 6.3 x 104 h-1), and approx. one-third of 
the data recorded is displayed. Lines are global curve-fits of Eq. 3.4 (solid lines) to data up 
to X = 0.6 (horizontal red line). Ea, n, and m were refined as global parameters. The pre-
exponential factor A was refined separately for each profile.  
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3.5. Discussion  
3.5.1. Qualitative rate law information encoded in reaction profiles  
The shape of the reaction profile conveys qualitative information about the reaction 
order with respect to the limiting reactant. Reaction orders n ≥ 1 give rise to sigmoidal 
profiles (as in the oxidations of H2 and C3H8), while reaction orders n < 1 give rise to 
profiles in which the conversion increases rapidly with temperature in a non-sigmoidal 
fashion (as seen for the oxidation of CO [3]). The precise reaction order can be determined 
either by refining the value of n in a curve-fit for which n is an adjustable parameter (Eq. 
3.4), or by the agreement between the model and the data in a curve-fit using a particular 
integer value for n (Eq. 3.3). Where mass transfer limitations, changes in the rate law, or 
changes in the surface chemistry are suspected, or the choice of reactant concentrations (e.g., 
resulting in a significant axial gradient in b) requires it, the dataset can be truncated to 
remove affected regions (typically, at high conversion). Reactions with n < 1 appear to be 
more susceptible to these phenomena due to the rapid rate acceleration as X approaches 
unity. Conversely, when the kinetic model describes the entire dataset up to X ≈ 1, this is 
strong evidence that the rate is not influenced by mass or heat transport. 
When a reactant is present in large excess over the limiting reactant (as is the case 
here for O2 in the oxidation of H2 and propane), its order in the rate law cannot be 
determined accurately from a single reaction profile. This is expected, due to the relative 
insensitivity of the profile to the order with respect to a concentration that is essentially 
constant throughout the catalyst bed under all reaction conditions used. A less common 
situation arises when reactants are present in similar concentrations and have opposing 
reaction orders (e.g., -1 and +1 for CO and O2, respectively). Since their concentrations in 
  58 
the experiment vary in parallel, and their kinetic contributions largely cancel each other, 
determining the reaction orders requires more than a single reaction profile. 
3.5.2. Quantitative kinetic parameters from individual reaction profiles  
Arrhenius plots based on kinetic data collected isothermally at steady-state are 
routinely used to determine activation parameters for heterogeneous catalysts, but the 
uncertainty in the activation energy is relatively high due to the small number of data points 
(typically, less than 10) as well as the limited temperature range (typically, ≤ 40 K, as in this 
study). In addition, the rate law is not assessed and thus the pre-exponential factor cannot be 
determined without a considerable number of additional isothermal experiments. In contrast, 
high quality variable-temperature kinetic data can be collected quickly over a wide 
temperature range in less than an hour (e.g., 400 data points over 110 K for CO oxidation, 
and 6 000 data points over 170 K for C3H8 oxidation) and its analysis provides all of the 
desired information, provided care is taken to ensure that mass and energy transport effects 
are minimized. Consecutive profiles can be used to probe catalyst stability. No special 
equipment or sophisticated data analysis is required, beyond a thermally-controlled packed 
bed reactor and a non-linear least squares fitting routine. Remarkably, identical fit results 
were obtained even when only 10 data points ranging from low to high conversion were 
analyzed. 
In all three cases examined here, the activation energies obtained from a single 
reaction profile are indistinguishable from those measured in a series of differential steady-
state experiments. Furthermore, the larger range of temperatures sampled in the variable-
temperature experiment yields the activation energy with somewhat higher precision 
compared to the conventional Arrhenius analysis. Values for the pre-exponential factors are 
  59 
close, although not identical. Since propane oxidation is much more exothermic than H2 
oxidation, and has a much larger activation energy, it represents a more challenging test for 
reaction profile analysis. Nevertheless, the strong agreement between the differential and 
variable-temperature results, and between the reaction profile data and the model, confirm 
that the heat of reaction does not influence the measurement of the kinetic parameters.  
CO oxidation is another challenging test of the general utility of variable-temperature 
reaction profiles. Since the rate law is inverse-first-order with respect to CO [3], the rate 
increases rapidly with conversion, causing non-kinetic effects to become severe. The 
reaction profiles in Fig. 3.4 appear to become mass transfer-limited at moderate-to-high 
conversions, although deviations from the extrapolated kinetic profiles could also be caused 
by changes in the rate law and/or the catalyst. Discontinuities may also arise from multiple 
steady states, which have been observed for CO oxidation over Pt/Al2O3 [15]. When such 
effects distort the data, truncation may be necessary to obtain accurate kinetic parameters. 
For both H2 and propane oxidation, truncating the datasets did not affect the activation 
parameters. For CO oxidation, the extent of truncation below X = 0.6 did not affect the 
activation parameters. 
3.5.3. Conversion-dependent changes in kinetic parameters  
Even without a change in the rate law or the intrusion of non-kinetic effects, the ability to 
analyze variable-temperature reaction profiles may be impacted by large changes in 
activation parameters as a function of the reaction conditions. For example, the range of 
activation energies reported for CO oxidation catalyzed by supported Pd nanoparticles is 
very large (54-133 kJ mol
-1
) [16-19]; a similarly large range has been reported for Pd single 
crystals (60-138 kJ mol
-1
) [3, 16, 20]. Much of the variation is due to the dominant 
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contribution to the activation energy made by the CO desorption energy [16], which is 
strongly coverage-dependent due to lateral interactions between adsorbed CO molecules [21, 
22]. For Pd(111) terraces, the initial heat of adsorption is 149 kJ mol
-1
, while for Pd 
nanoparticles less than 10 nm in size, reported initial values vary from 106-126 kJ mol
-1
 
[23]. For Pd surfaces saturated with CO, the adsorption energy is much smaller, 60–90 kJ 
mol
-1
 [23-25]. The heat of adsorption on Pd nanoparticles is a strong function of coverage 
well below 0.6 monolayers, and levels off at high coverage [23]. It also appears to be fairly 
independent of particle size, for particles larger than 1.5 nm [26].  
Such coverage dependence could make the refinement of an “average” activation energy 
problematic. Fortunately, variable activation energies do not seem to be a problem here. In 
our experiments, the CO coverage is expected to remain high over virtually the entire PCO 
(1000 – 400 ppm) and T (90–142 °C) ranges used in curve-fitting (corresponding to 0.05 ≤ X 
≤ 0.60) [27]. Consequently, we do not expect the kinetic parameters to vary significantly 
with conversion in the analysis of individual reaction profiles. This expectation is borne out 
by the ability of a model containing a single activation energy to describe the profiles very 
well. 
3.5.4. Global analysis of multiple variable-temperature reaction profiles  
 Uncertainties and correlations in curve-fit parameters can be minimized by 
performing a global (simultaneous) fit of multiple reaction profiles, recorded with varying τ 
values. A similar approach has been used in kinetic analysis of TGA data (using multiple 
profiles recorded at different heating rates) [28]. In the cases examined here, global curve-
fits gave the same activation parameters as individual curve-fits, and uncertainties in the pre-
exponential factors decreased significantly. When reactant concentrations are similar, as for 
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CO oxidation by equimolar O2, a global fit of reaction profiles provides more reliable 
information about the reaction orders, in contrast to the individual fit of a single reaction 
profile (described above). 
 
3.6. Conclusions 
Accurate information about the activation parameters and the reaction order with 
respect to the limiting reactant can be obtained from a single curve-fit of a variable-
temperature reaction profile recorded in the absence of transport limitations. The small 
number of adjustable parameters (as few as two) in the fit make it likely that a unique 
solution will be found. The reaction order with respect to an excess reactant may be refined 
by simultaneous curve-fitting of multiple profiles recorded at different volumetric flow 
rates. When multiple reactants are present in similar concentrations, global curve-fitting 
makes it possible to refine their reaction orders. Obviously, additional experiments with 
different feed gas compositions are desirable to establish the generality of the rate law. In 
principle, the method could be used for rapid and rigorous assessment of the effects of metal 
loading, metal particle size, support interactions, promoters and poisons in the gas and solid 
phases, on catalyst performance. For catalysts that deactivate on a time-scale longer than the 
recording of a reaction profile, variable-temperature kinetic analysis could allow for fuller 
kinetic assessment than is currently possible with conventional steady-state methods. The 
variable-temperature method can detect changes in the limiting rate law as a function of 
reaction conditions, and in the future could be extended to include diffusion effects, more 
complex rate laws, reversible reactions, and variable activation energies. 
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Appendix 3 
A3.1. Obtaining kinetic parameters in differential and reaction profile experiments 
 
A3.1.1. Calculation of conversions 
  
For H2 oxidation over Pd/Al2O3 in the presence of excess O2, the mass spectrometer 
signal intensity for H2 at m/z = 2 (Iin) was recorded at 30 °C (i.e., below the onset of activity) 
for each reaction profile. The signal intensity corresponding to full conversion (Izero) was 
recorded when no further change was observed with increasing T, Eq. A3.1:  
 
slope = d/dT (signal intensity at m/z = 2) = 0     (A3.1) 
 
At intermediate temperatures, the dimensionless conversion was calculated using Eq. 
A3.2, where IH2 represents the signal intensity at m/z = 2 recorded during the experiment.  
 
  
(         ) (         )
         
 
        
         
       (A3.2) 
 
A similar procedure was followed for propane oxidation (using the ethyl cation 
signal at m/z = 29), except that Iin was recorded at a temperature below 170 °C (i.e., below 
the onset of activity), where d/dT(signal intensity at m/z = 29) = 0. 
For CO oxidation, conversion was calculated from the calibrated intensity of the 
mass spectrometer signal for CO2 at m/z = 44, using a standard gas mixture (1000 ppm CO2 
in Ar, 99.99% Praxair). After each set of experiments at a single flow rate, the mass 
spectrometer signal intensity was measured with the calibration gas at the same flow rate 
(Icalibration). After 30 min, the feed was switched back to the reaction mixture and the 
  63 
temperature was returned to 30 °C. When the background signal for m/z = 44 was stable, its 
average signal intensity was recorded. This value, or the signal corresponding to 0 ppm CO2, 
is designated Izero. Conversion was calculated using Eq. A3.3, where ICO2 represents the 
signal intensity at m/z = 44 recorded during the experiment. 
 
   
          
                  
        (A3.3) 
 
A3.1.2. Calculation of rates 
Under differential conditions (conversion < 0.1) in a packed-bed reactor, the rate, -ra, 
can be assumed constant throughout the catalyst bed. Expressed in terms of the generation of 
the limiting reactant a, the rate is given by Eq. A3.4: 
 
     
     
    
         (A3.4) 
 
where Fa,0 is the molar flow rate of the limiting reagent in mol s
-1
, X is the 
conversion, and Wcat is the total mass of catalyst, in g. 
 
A3.1.3. Writing power rate laws 
The Langmuir-Hinshelwood (LH) rate law for CO oxidation, assuming molecular 
adsorption of O2, is written as in Eq. A3.5 [3]: 
 
        
            
(               )
       (A3.5) 
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where KCO and KO2 are adsorption equilibrium constants for CO and O2, respectively, and kr 
is the rate constant for the surface reaction between adsorbed CO and O. Since        
(        ) under the reaction conditions, the limiting Langmuir-Hinshelwood rate law 
takes a simple power law form [3]: 
 
        
      
      
    
   
   
       (A3.6) 
 
where the apparent rate constant kCO is defined as krKO2/KCO. The temperature-
dependence of each adsorption constant is described by Eq. A3.7: 
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Thus the Arrhenius behavior of kCO includes the temperature dependence of the two 
adsorption constants, Eq. A3.8: 
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/   (A3.8) 
 
In the oxidation of H2 [1] and propane [2], the reactions are known to obey power 
rate laws from which CO2 is absent, when O2 is present in large excess: 
 
                   (A3.9) 
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                          (A3.10) 
 
A3.1.4. Calculation of rate constants 
For CO oxidation, the power rate law is first-order in O2 and inverse-first-order in 
CO [3]. Thus the apparent rate constant kCO is obtained from: 
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where CCO,0 is the inlet concentration of the limiting reagent, and O2 is the molar 
ratio of O2 and CO. Assuming ideal gas behavior, the temperature dependence of CCO,0 and 
0 can each be written in terms of an arbitrary reference temperature Tref, Eq. A3.12- A3.13 
(R is the ideal gas constant).  
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         (A3.13) 
 
Since the oxidation of H2 or propane in the presence of a large excess of O2 can be 
described by a power rate law that is zeroth-order in O2 and first-order in either H2 (Eq. 
A3.9), or C3H8 (Eq. A3.10), the apparent rate constants are: 
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A3.1.5. Sample rate constant calculation 
In a propane oxidation experiment, the following parameters are typical: 
Feed: 1000 ppm C3H8, 10% O2  
Wcatalyst = 11.8 mg, υ0,ref = 50 mL min
-1
 
Tref =298 K, T = 525 K 
Sin = 2.57 x 10
-9
, Szero = 8.29 x 10
-12
, SC3H8 = 2.38 x 10
-9
  
 
Using Eq. A3.12- A3.13 to express the temperature dependence of Ca,0 and 0 in 
terms of an arbitrary reference temperature Tref, we obtain: 
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The unusual units for the pseudo-first-order rate constant kC3H8 arise because the reactant 
and catalyst exist in different phases. 
 
A3.2. Minimizing non-kinetic effects in reaction profiles 
A3.2.1. Prediction of external and interparticle diffusion limitations 
The potential contribution of external and interparticle diffusion rates to the observed 
reaction rate was assessed using Mears’ Criterion [4]. For spherical catalyst particles of 
radius RP and a reaction that can be described by a power rate law of order n in the limiting 
reagent a, external diffusion does not contribute significantly to the rate if: 
 
 
      
        
             (A3.21) 
 
where kc is the mass transfer coefficient of a and Ca,bulk is the gas-phase 
concentration of a in the reactor.  
 
A3.2.1.1. Sample calculation of Mears’ Criterion  
Oxidation of H2 (1000 ppm, n = 1) was conducted in the presence of a large excess 
of O2 (100,000 ppm, m = 0) over a Pd/Al2O3 catalyst with average particle diameter 2RP = 
165 m. The reaction rate is proportional to CH2,bulk and the volumetric flow rate 0, for 
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which 50 mL min
-1
 (at 298 K, or 71 mL min
-1
 at 423 K assuming ideal gas behavior) is 
typical. The following calculation was performed at 423 K, for which X = 0.95. At 125 °C, 
the bulk concentration of H2 (also assuming ideal gas behavior) is taken to be the average H2 
concentration in the reactor, i.e., CH2,bulk = CH2 = CH2,0(1-X). The inlet concentration is:  
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At 95 % H2 conversion, the average rate normalized by catalyst volume Vcat (based 
on a cylindrical bed of diameter d = 3.9 mm and height h = 4 mm) is: 
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The mass transfer coefficient kc is estimated from the dimensionless Sherwood 
number Sh: 
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where the diffusivity, D12, for equimolar H2 in Ar at 423 K is 1.51 x 10
-4
 m
2
 s
-1
 [29]. 
The value of Sh [30] is given by:
 
 
                           (A3.26) 
 
where Re and Sc are the dimensionless Reynolds and Schmidt numbers, respectively: 
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The viscosity  of the diluent Ar at 423 K is 2.98 x 10-5 Pa•s [31], while its fluid 
density  is:  
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where m is the mass of Ar, MAr is the molar mass of Ar, and V is the gas volume, 
calculated assuming ideal gas behavior. The linear fluid velocity, u, depends on the 
volumetric flow rate 0 and the reactor cross-sectional area Ac: 
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Thus, the estimated values of the dimensionless numbers are: 
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Together, they lead to the following estimate for the mass transfer coefficient for H2 
in Ar, and Mears’ Criterion: 
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Since the estimated value of Mears’ Criterion for H2 oxidation, 0.019, is an order of 
magnitude smaller than the value (0.15) which would signal the onset of external diffusion 
limitations for a first-order reaction, external mass transport should not be rate-limiting for 
values of X up to at least 0.95. Since this calculation was performed for a condition near the 
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highest observed rate in this study, all other reaction conditions are expected to be 
unaffected by external diffusion as well. 
 The Mears’ Criterion for propane oxidation, also calculated for X = 0.95, is 0.07, 
suggesting the absence of external mass transfer limitations for almost all reaction 
conditions used in this study. Further empirical tests were conducted to confirm that external 
mass transport is not rate limiting (see section A3.2.4.1). For CO oxidation, under the 
reaction conditions used in this study, the rate law is net pseudo-zeroth-order. Mears [4] and 
Eq. A3.21 suggest that zeroth-order reactions cannot be external mass transport-limited. 
However evidence for external mass transport limitation is evident at high conversion, X > 
0.85 (Fig. 3.4), therefore reaction profiles were truncated below X = 0.6 before kinetic 
analysis was performed. 
 
A3.2.2. Prediction of intraparticle diffusion limitations 
Potential internal mass transfer limitations were assessed via the Weisz-Prater 
Criterion, Cwp [5]. When Cwp < 1, internal diffusion is not rate-determining. For spherical 
catalyst particles of radius RP, Cwp is given by: 
 
    
     
 
   
     
         (A3.38) 
 
where    
  is the effective diffusivity of the gas mixture, defined in terms of the molecular 
diffusivity D12 and the Knudsen diffusivity DK1 in Eq. A3.39. Ca,s is the concentration of the 
limiting reagent at the particle surface.   
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A3.2.2.1. Sample calculation of Weisz-Prater Criterion 
The value of     for H2 in Sasol HTA-102 non-ordered mesoporous -alumina (12 < 
Rpore < 17 nm, with a midpoint value of 15 nm = 1.5 x 10
-8
 m) at 423 K is: 
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For equimolar H2 in Ar at 423 K, the value of D12 is 1.51 x 10
-4
 m
2
 s
-1
 [29]. The 
value of    
  is therefore estimated as: 
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Since the reaction rate is not limited by external diffusion (see section A3.2.1 above), 
Ca,s can be estimated as CH2,bulk = CH2,0(1-X). The value of the Weisz-Prater Criterion is 
therefore: 
 
   (  )
 
   
     
 
.    
     
    
/(         )
 
(        
  
 
).        
     
  
/(   )
         (A3.42) 
 
  73 
Since the value of the Weisz-Prater Criterion is less than 1, we infer that the reaction 
rate is probably not limited by internal diffusion. When the calculation is repeated with a 
lower pore radius of 12 nm, the resulting Cwp is 0.21, which still less than 1. Since this 
calculation was performed for a condition near the highest observed rate in this study, all 
other reaction conditions are expected to be unaffected by internal diffusion as well. 
For propane oxidation, the Weisz-Prater Criterion calculated in the same way, at the 
concentration Ca,s corresponding to X = 0.95 for the median pore size (15 nm), is 0.9, and 
when the calculation is repeated for the smallest pore size of 12 nm, the value of Cwp is 1.1. 
Therefore the reaction rate for propane oxidation is potentially susceptible to internal 
diffusion limitations, and we performed further tests (see section A3.2.4.2) to confirm that 
internal diffusion is not rate-limiting in propane oxidation.  
For CO oxidation at X = 0.6, the Weisz-Prater parameter is 0.053, indicating that this 
reaction is kinetically controlled over the entire range of conditions used for kinetic analysis. 
 
A3.2.3. Prediction of heat transfer effects on reaction rates 
The potential contribution of external heat transfer effects to the reaction rates was 
explored using Mears’ heat criterion [6].  
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             (A3.43) 
 
where ΔHrxn is the heat of reaction, h is the heat transfer coefficient, and R is the gas 
constant. 
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A3.2.3.1. Sample calculation of Mears’ heat Criterion  
Propane oxidation is the most exothermic of the three reactions studied here, and 
therefore the most likely rate to be impacted by heat transfer limitations. This possibility was 
assessed at 573 K, where X = 0.95. The heat transfer coefficient, h, can be estimated from 
the Nusselt number, Nu [30]: 
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                          (A3.44) 
 
The thermal diffusivity, α, for Ar is used to calculate the Prandtl number, Pr. The 
thermal conductivity for Ar, kT, is 0.027 W m
-1
 K
-1
 at 573 K [32]; its density, , is 0.85 
kg/m
3
 (Eq. A3.29 calculated at 573 K); and its heat capacity, Cp, is 570 J kg
-1
 K
-1 
[33]. 
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The heat transfer coefficient, h, is obtained by rearranging Eq. A3.44: 
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The activation energy for propane oxidation is Ea = 111 kJ mol
-1
 (from the main 
text), and the heat of reaction is ΔH° = -2219 kJ mol-1 [34]. Mears’ heat criterion is 
therefore: 
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For propane oxidation at 95% conversion, the Mears’ heat criterion is an order of 
magnitude less than 0.15, thus external heat transfer probably does not affect the rate of 
reaction under the reaction conditions. To confirm this conclusion, further experimental tests 
were performed (see section A3.2.4.3). 
Both CO oxidation (ΔH° = -283 kJ mol-1) [35] and H2 oxidation (ΔH° = -284 kJ mol
-
1
) [35] are much less exothermic than propane oxidation. The Mears’ heat criteria for CO 
oxidation at 423 K (X = 0.6) and H2 oxidation at 423 K (X = 0.95) are 1.6 x 10
-3
 and 1.7 x 
10
-3
, respectively (reaction profiles for CO oxidation were only analyzed up to X = 0.6, see 
Fig. 3.4). Therefore external heat transfer does not affect the rates of these reactions under 
the conditions used in this study.  
 
A3.2.4. Experimental assessment of heat and mass transfer limitations 
Use of a small reactor radius (3.8 mm i.d.), dilution of the catalyst bed with an inert 
material (1:3 SiC) and dilution of the feed with an inert gas (1000 ppm max, limiting 
reactant gas concentration in Ar) are all methods to reduce heat transfer effects in packed 
bed reactors [6]. The absence of significant axial temperature gradients was verified 
experimentally for CO oxidation (CCO,0 = CO2,0 = 1000 ppm) by monitoring the temperature 
  76 
of the catalyst bed with two K-type thermocouples, placed at the entrance and the end of the 
bed. The axial temperature gradient did not exceed 1 K at any inlet temperature, even for X 
= 1. 
 
A3.2.4.1. Experimental assessment of external mass transport and heat transfer effects 
The absence of external mass transport limitations and external heating effects on the 
reaction rate in a reactor can be validated experimentally by simultaneously varying the 
catalyst loading and volumetric flow rate in order to maintain a constant space-time τ. If 
there is no effect on the conversion, then the reaction is kinetically controlled [4].  
 
 
Fig. A3.1. Comparison of reaction profiles recorded for C3H8 oxidation (CC3H8,0 = 1000 ppm, CO2,0 = 100,000 
ppm, balance Ar) over 2 wt% Pd/Al2O3 sieved to 80/100 mesh (11.8 mg diluted in 30.9 mg SiC, open blue 
squares; 5.9 mg diluted in 15.5 mg SiC, open red circles), so that the ratio of catalyst weight to volumetric flow 
rate is constant (τ = 11.8 mg / 50 mL min-1 = 5.9 mg / 25 mL min-1 = 0.24 mg catalyst / mL min-1). Also shown 
is the effect of particle size: 6.4 mg catalyst sieved to 60/80 mesh and diluted 3:1 w/w in SiC (open green 
triangles), and 6.1 mg catalyst sieved to 100+ mesh and diluted 3:1 w/w in SiC (open orange diamonds). Prior 
to recording each reaction profile, the catalyst was pre-conditioned at 500 °C (X = 1) for 3 h under reaction 
conditions. Showing every 100
th
 data point. 
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Since total propane oxidation has the highest heat of reaction for the three reactions 
tested in this study (ΔH° = -2219 kJ mol-1 [34]), reaction profiles were recorded for propane 
oxidation (CC3H8,0 = 1000 ppm, CO2,0 = 100,000 ppm, balance Ar) over 2 wt% Pd/Al2O3 with 
different amounts of catalyst. One reaction profile was recorded with 11.8 mg catalyst 
diluted in 30.9 mg SiC, at a flow rate of 50 mL min
-1
. Another reaction profile was recorded 
with 5.9 mg catalyst diluted in 15.5 mg SiC, at flow rate of 25 mL min
-1
, in order to 
maintain the same value of τ. The resulting reaction profiles are nearly superposable, Fig. 
A3.1 (compare red and blue data). Since the values of X corresponding to each T are the 
same, the reaction is kinetically controlled. The much smaller heats of reaction for oxidation 
of H2 (ΔH° = -284 kJ mol
-1
) [35] and CO (ΔH° = -283 kJ mol-1) [35] will produce smaller 
temperature gradients, therefore we assume that these reactions are also kinetically 
controlled. 
 
A3.2.4.2. Experimental assessment of internal mass transport limitations 
Internal diffusion limitations can be assessed experimentally by examining the effect 
on conversion of the catalyst particle size [4]. Reaction profiles were recorded over 2 wt% 
Pd/Al2O3 sieved to three different particle sizes: 60/80 mesh (0.18 mm < 2Rp < 0.25 mm), 
80/100 mesh (0.15 mm < 2Rp < 0.18 mm), and 100+ mesh (2Rp < 0.15 mm). In each case, 
ca. 6 mg catalyst was diluted 3:1 w/w in SiC, and the flow rate was held constant at 25 mL 
min
-1
. All of the reaction profiles are superposable, Fig. A3.1. Therefore the conversion does 
not vary with particle size, and we conclude that internal diffusion is not rate-limiting in 
propane oxidation.  
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Since the Weisz-Prater criterion for propane oxidation is larger than values 
calculated for either H2 or CO oxidation, we can assume that all of the reactions are 
kinetically controlled. All subsequent reaction profiles were recorded using catalyst sieved 
to 80/100 mesh.  
 
A3.2.4.3. Experimental assessment of heat transfer limitations 
The possible formation of hot spots (from the heat of reaction) in the catalyst bed, 
due to slow heat transfer in exothermic reactions, can be explored experimentally by varying 
the amount of inert diluent present in the catalyst bed. Reaction profiles for propane 
oxidation were recorded at catalyst dilution ratios of 2:1, 3:1, and 4:1, Fig. A3.2. The three 
reaction profiles are almost superposable. We infer that slow heat transfer is not a significant 
issue in the catalyst bed under our reaction conditions. Since H2 and CO oxidation are both 
considerably less exothermic, it is unlikely that slow heat transfer is a significant issue in 
those reactions either. 
The influence of the temperature ramp rate was studied for H2 oxidation. Reaction 
profiles recorded at ramp rates of 2, 5, 7, and 10 °C min
-1
 are shown in Fig. A3.3. The near-
superposability of the profiles suggests that heat transfer effects are not important in our 
reactor configuration for temperature ramp rates between 2 and 7 °C min
-1
. Therefore all 
reaction profiles were recorded with ramp rates of 5 °C min
-1
. 
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Fig. A3.2. Reaction profiles recorded for propane oxidation (CC3H8,0 = 1000 ppm, CO2,0 = 100,000 ppm, balance 
Ar, υ0 = 25 mL min
-1
) over 2 wt% Pd/Al2O3 diluted with various amounts of SiC, at dilution ratios of 1:2 (open 
blue squares), 1:3 (filled red circles) and 1:4 (filled black triangles). Prior to recording each reaction profile, 
the catalyst was pre-conditioned at 500 °C (X = 1) for 3 h under reaction conditions. Showing every 100
th
 data 
point. 
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Fig. A3.3. Reaction profiles recorded for H2 oxidation (CH2,0 = 1000 ppm, CO2,0 = 100,000 ppm, balance Ar, υ0 
= 50 mL min
-1
) over 2 wt% Pd/Al2O3 (11.4 mg) diluted in SiC (33 mg). Recorded with temperature ramp rates 
of: 2 (open blue circles), 5 (filled red circles), 7 (open green triangles) and 10 °C min
-1
 (filled black triangles). 
Showing every 20
th
 data point. 
 
 
A3.3. Derivation of kinetic expressions for reaction profiles 
A power rate law can be written for j + 1 reactants in terms of the conversion X of 
the limiting reactant a with inlet concentration Ca,0 (mol m
-3
), where i is the ratio of inlet 
concentrations for reactants i and a, and mi and n are their reaction orders, Eq. A3.49.  
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The temperature dependence of the rate constant k is described by the Arrhenius equation, 
Eq. A3.50, where R (J mol
-1
 K
-1
) is the ideal gas constant. The apparent activation 
parameters A and Ea contain contributions from adsorption (see Eq. A3.7- A3.8), and are 
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presumed temperature-independent over the range of reaction conditions relevant to the 
reaction profile (0.05 < X < 0.95).  
 
     
  
           (A3.50) 
 
The design equation for a packed bed reactor (PBR) expressed in terms of the 
catalyst mass, Wcat (g), is shown in Eq. A3.51, where 0 (m
3
 s
-1
) is the volumetric flow rate 
at the reactor inlet, and  is analogous to the space-time. 
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Consequently, a design equation can be written in which –ra is the sole temperature-
dependent term, Eq. A3.52, and ref = Wcat/0,ref : 
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Assuming the rate constant k depends only on temperature (i.e., not on reactant 
concentrations), substitution of Eq. A3.49- A3.50 into Eq. A3.52 yields a general form of 
the reaction profile kinetic equation, Eq. A3.53.  
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For first-order reactions (n = 1, mi = 0), evaluation of the integral gives a simple 
analytical expression for X, Eq. A3.54. 
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Similarly, for rate laws with other integer order-dependences on a single reactant, we 
obtain the analytical expressions in Eq. A3.55- A3.57: 
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For a general rate law with a (to-be-determined) n
th
-order-dependence on a single 
reactant, we obtain the analytical expression in Eq. A3.58 (only valid for n ≠ 1): 
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For rate laws that depend on the concentrations of two different species, the integral 
in Eq. A3.53 can be still evaluated if      ⁄ , giving the analytical expression in Eq. 
A3.59 (only valid only for n + m ≠ 1): 
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When      ⁄ , numerical integration is required. However, approximate analytical 
solutions (Eq. A3.60- A3.61) are obtained when (       ⁄ )    . When      ⁄  (i.e., 
all other reactants present in large excess over the limiting reactant), the approximation is 
valid for all values of X. However, when      ⁄ , it should only be used for low-to-
moderate values of X (see Fig. A3.4).  
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 Reaction profiles for CO oxidation with a slight excess O2 (b = 1) were simulated 
using the analytical solution, Eq. A3.61, and the numerical solution to Eq. A3.53. The 
analytical solution deviates from the numerical solution at large conversions (X > 0.6) 
because b   b/a. However, the reaction profiles are nearly superposable below this 
conversion, validating the assumption that (       ⁄ )     at low values of X. 
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Therefore reaction profiles for experiments with a small amount of excess reagents must be 
truncated in order to use Eq. A3.60-61 for curve-fitting. 
 
A3.4. Analysis of simulated isothermal kinetic data 
Isothermal kinetic data were simulated in order to compare the accuracy of 
Arrhenius plots made using either -ra or k. Data were simulated for a first-order reaction, 
using arbitrary kinetic parameters, over the temperature range 187-327 °C. Arrhenius plots 
were constructed in both differential (X < 0.10) and non-differential regimes (0 < X < 0.66), 
Fig. A3.4. The linear fit obtained using rate constants simulated over the full temperature 
range (blue) returns the chosen values for Ea and A precisely. However, the linear fit 
obtained using rates over the same temperature range (black) yields a much lower value for 
Ea, 84 kJ mol
-1
. This is a consequence of the non-negligible concentration gradient in the 
reactor, and the first-order dependence of the rate on concentration. Similar results were 
obtained by plotting ln(X) or ln(TOF): use of non-differential conditions leads to curvature 
in the Arrhenius plot and inaccurate activation parameters. (However, if the reaction is 
overall pseudo-zeroth-order, –ra = k. Consequently, the use of –ra, X or TOF instead k in the 
Arrhenius plot has no effect on the result). 
 
  85 
 
Fig. A3.4. Arrhenius plots constructed using simulated rates (black circles) and rate constants (open blue 
circles), for a first-order reaction with Ea = 100 kJ mol
-1
, A = 10
5
 s
-1
, Ca,0 = 0.01 mol m
-3
, Wcat = 0.01 g and Fa,0 
= 10
-8
 mol s
-1
. Linear fits are shown for X < 0.66 (k: blue; -ra: green) and for X < 0.1 (-ra: red). 
 
 
Consequently, for reactions with an overall non-zeroth-order concentration 
dependence, the temperature range must be restricted to values that give low conversions 
(e.g., less than 0.10, corresponding to near-gradientless or differential conditions) in order to 
obtain accurate activation energies. With this constraint, the simulated Arrhenius plot with –
ra (red) returns a value for Ea, 97 kJ mol
-1
, just 3 % lower than the true value. This would 
likely be within the measurement error of the actual value in a real experiment. However, 
the value of A calculated from the intercept of the Arrhenius plot, ln(ACa,0), is 5 x 10
4
 s
-1
. 
The error is 100 % even in “data” with no experimental uncertainty, and is caused by the 
invalid assumption that X = 0 even when the conditions are differential.  
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A3.5. Arrhenius plots based on isothermal kinetic experiments 
To obtain activation parameters by the conventional method (for comparison to 
values extracted from reaction profiles), the reactor temperature was set to a value 
corresponding to conversion less than X = 0.1 and held at this value for approx. 1 h while the 
mass spectrometer signal intensity for H2 (m/z = 2), C3H8 (m/z = 29) or CO2 (m/z = 44) was 
recorded. For H2 and C3H8, Iin was also recorded before each isothermal experiment 
(described above). After all isothermal experiments were performed, the temperature was set 
to a value corresponding to complete conversion, to obtain Izero. Kinetic parameters were 
calculated as described above (section 1.1 for X, section 1.2 for –ra, and section 1.3 for k). 
For CO oxidation, Izero was recorded after each isothermal experiment, by reducing the 
temperature to 30 °C. Icalibration was recorded after all isothermal experiments were completed 
in the same way as described above (section A3.1.1). 
Arrhenius plots constructed for the oxidation of H2, CO and C3H8 over Pd/Al2O3 are 
shown in Figs. A3.5-7. For each reaction, the same values for Ea were obtained from 
Arrhenius plots made using either –ra or k. In order to extract values for A, Arrhenius plots 
must be constructed using apparent rate constants (see section A3.4). All kinetic parameters 
are summarized in Table 3.1. 
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Fig. A3.5. Arrhenius plot for H2 oxidation over Pd/Al2O3 (11.4 mg) diluted in SiC (34.5 mg), constructed using 
either k (filled red circles) or –ra (open blue circles). To calculate k values, reaction orders were assumed to be 
+1 for H2 and 0 for O2. The catalyst was pre-conditioned at 200 °C for 3 h, in the presence of the flowing feed 
(CH2,0 = 500 ppm; CO2,0 = 100,000 ppm, balance Ar, υ0 = 50 mL min
-1
). Isothermal measurements were made 
for 45 < T < 70 °C and 0.02 < X < 0.10. 
 
 
Fig. A3.6. Arrhenius plot for C3H8 oxidation over Pd/Al2O3 (11.8 mg) diluted in SiC (30.9 mg), constructed 
using either k (filled red circles) or –ra (open blue circles). To calculate k values, reaction orders were assumed 
to be +1 for C3H8 and 0 for O2. The catalyst was pre-conditioned at 500 °C for 3 h in the presence of the 
flowing feed (CC3H8,0 = 1000 ppm; CO2,0 = 100,000 ppm, balance Ar, υ0 = 50 mL min
-1
). Isothermal 
measurements were made for 208 < T < 233 °C and 0.01 < X < 0.09. 
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Fig. A3.7. Arrhenius plot for CO oxidation over Pd/Al2O3 (11.4 mg) diluted in SiC (35.4 mg), constructed 
using either k (filled red circles) or –ra (open blue circles). To calculate k values, reaction orders were assumed 
to be -1 for CO and +1 for O2. The catalyst was pre-conditioned at 180 °C for 3 h, in the presence of the 
flowing feed (CCO,0 = 1000 ppm; CO2,0 = 1000 ppm, balance Ar, υ0 = 50 mL min
-1
). Isothermal measurements 
were made for 95 < T < 120 °C and 0.01 < X < 0.10. 
 
 
A3.6. Experimental reaction profiles 
Prior to recording reaction profiles, the catalyst was pre-conditioned under reaction 
conditions for 3 h at a temperature corresponding to X = 1 (200, 500, and 180 °C, for H2, 
C3H8, and CO oxidation, respectively). Reaction profiles for H2 oxidation recorded in 
sequential fashion are superposable after pre-conditioning the catalyst, Fig. A3.8. Thus the 
kinetic equations developed above in section A3.3 can be curve-fitted to the sets of 
experimental reaction profiles. 
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Fig. A3.8. Comparison of reaction profiles, recorded sequentially, for H2 oxidation (CH2,0 = 1000 ppm, CO2,0 = 
100,000 ppm, balance Ar, υ0 = 40 mL min
-1
) over 2 wt% Pd/Al2O3 (11.4 mg) diluted in SiC (34.5 mg). The 
first profile (open blue circles), second profile (open red squares), and third profile recorded (open green 
triangles) are superposable, indicating a high level of reproducibility. Prior to recording each reaction profile, 
the catalyst was pre-conditioned at 200 °C (X = 1) for 3 h under reaction conditions. Showing every 20
th
 data 
point. 
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Fig. A3.9. Reaction profiles recorded for H2 oxidation over 2 wt% Pd/Al2O3 (11.4 mg) diluted in SiC (33 mg), 
recorded at different inlet concentrations of the limiting reactant: CH2,0 = 1000 ppm (open blue circles) and 
CH2,0 = 500 ppm (filled red circles). For both reaction profiles, CO2,0 = 100,000 ppm and υ0 = 50 mL min
-1
. The 
reaction profiles are nearly superposable, even though CH2 changes by a factor of two. This result is consistent 
with a reaction that is first-order in the limiting reagent (H2). (Note these reaction profiles were recorded on 
different days with different catalyst samples, which may explain their slight differences.) Prior to recording 
each reaction profile, the catalyst was pre-conditioned at 200 °C (X = 1) for 3 h under reaction conditions. 
Showing every 20
th
 data point. 
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Fig. A3.10. Individual curve-fits of Eq. A3.61 (lines) to reaction profiles (symbols) for H2 oxidation (CH2,0 = 
1000 ppm, CO2,0 = 100,000 ppm, balance Ar) over 2 wt% Pd/Al2O3 (11.4 mg) diluted in SiC (34.5 mg). 
Reaction orders for H2, n, and O2, m, were refined. Recorded at flow rates of 30 (open red circles) and 70 mL 
min
-1
 (filled blue circles). Only one reaction profile (of two recorded) is shown for each flow rate. Prior to 
recording each reaction profile, the catalyst was pre-conditioned at 200 °C (X = 1) for 3 h under reaction 
conditions.  Showing every 20
th
 data point. Profiles were fit from 46 °C ≤ T ≤ 195 °C. 
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Chapter 4: Coupled Variable-Temperature Kinetic Analysis and 
Operando Spectroscopy Investigation of CO Oxidation Catalyzed by 
Pd/Al2O3 
4.1. Introduction 
4.1.1. Light-off for CO oxidation catalyzed by Pd 
The oxidation of CO over platinum-group metals continues to be of interest as 
researchers propose new reaction mechanisms [1] and employ novel in situ and operando 
experimental techniques to investigate the dynamic surface chemistry [2-12].  Since the 
early work of Ertl [13] and Turner et al. [14, 15], CO oxidation on Pt/Al2O3 has been the 
focus of many in situ and operando investigations which attempt to explain the abrupt and 
sudden increase in conversion (light-off), hysteresis, and oscillations in activity at constant 
temperature. Possible explanations include the facile restructuring of the catalytic surface 
[12], formation of a highly active surface oxide [4, 7, 10, 11], and light-off caused by hot 
spots that occur when the concentration of CO is low enough not to poison the catalyst [3, 
16]. In situ and operando infrared spectroscopy (IR) and X-ray absorption spectroscopy 
(XAS) correlate the reaction progress to the local environment of CO and the chemical state 
of the catalyst. During CO oxidation catalyzed by Pd/Al2O3 under excess O2, operando IR 
and XAS suggested that light-off and the abrupt decrease in conversion during cooling 
(extinction) are caused by the rapid formation and destruction of a meta-stable surface oxide 
[2]. In one study, monitoring of CO conversion via mass spectrometry captures rapid 
oscillations; however the slower nature and lower temperature resolution of IR and XAS 
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measurements made observation of abrupt changes in surface chemistry difficult. Instead, 
spectra were recorded at temperatures above and below light-off/extinction. In another 
study, ex situ transmission electron microscopy (TEM) and X-ray photoelectron 
spectroscopy (XPS) studies of CO oxidation catalyzed by large PdO particles suggested that 
light-off, extinction, and oscillations in activity were due to the growth of Pd(0) 
nanoparticles on a solid PdO core [17, 18]. 
4.1.2. Variable-temperature analysis of reaction profiles 
In a previous study [19], analytical expressions for reaction profiles, in which the 
conversion, X, is plotted vs. the reactor temperature, T, were developed using the packed bed 
reactor (PBR) design equation, Arrhenius equation, and a simple power rate law for j +1 
reactants [19], Eq. 4.1.  
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Here, the ratio of the inlet concentrations for species b and a is Θb. The stoichiometric 
coefficients for the excess reactant, b, and the limiting reactant, a, are b and a, respectively. 
The residence time of the reactor (τ = Wcat/υ0) is the ratio of the mass of catalyst used, Wcat, 
to the volumetric flow rate, υ0.  The reaction orders are n and m with respect to reactants a 
and b. Variable-temperature reaction profiles were recorded in a PBR with a constant 
temperature ramp rate, however the catalyst bed has been shown to be isothermal within the 
measurement time [19]. 
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Eq. 4.1 can be solved analytically if Θb = b/a, Eq. 4.2. Otherwise (       ⁄ ) can 
be approximated as Θb, which is valid for all X if Θb >> b/a, Eq. 4.3. If there is only a slight 
excess or if Θb = b/a, Eq. 4.3 is valid for small to moderate values of X [19].  
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4.1.3. Objectives 
In this study, we explore the oxidation of CO with stoichiometric O2 (CO2/CCO = 1/2), 
catalyzed by Pd/Al2O3, using variable-temperature kinetic analysis in a packed bed reactor 
(PBR). The active state of the catalyst will be investigated above and below light-off and 
extinction using operando IR and XAS. Stoichiometric reaction conditions are less 
oxidizing than previous reaction atmospheres studied, and the jump in conversion at light-
off is lower. These conditions allow for unique information about the active site(s) during 
light-off which is not available under highly oxidizing atmospheres.   
 
4.2. Experimental methods 
4.2.1. Materials 
The catalyst is 2.0 wt% PdO supported on γ-Al2O3 (Sasol HTA-102, surface area 76 
m
2
 g
-1
, pore volume 0.60 cm
3
 g
-1
, median pore radius 15 nm, Pd particle size of (2.8 ± 0.6) 
Å). It was sieved to a mesh size of 80-100 (150-180 m) and diluted with SiC (Sigma 
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Aldrich, >97.5 %, 200 mesh size) in a 1:3 ratio (w/w). Ar (99.999 %), O2 (99.99 %; 20% in 
He, 99.99%; and 5000 ppm in Ar, 99.99 %), CO2 (5000 ppm in Ar, 99.99 %), and CO (5005 
ppm in Ar, 99.99 %; and 5000 ppm in He, 99.99%) were supplied by Praxair. 
4.2.2. Reactivity studies 
CO oxidation was performed in a Hiden Catlab microreactor. The catalyst bed (5 x 
10
-8
 m
3
; 0.05 mL), was packed in a quartz tube (inner diameter of 3.88 mm, axial length of 4 
mm) between plugs of quartz wool and heated in a furnace at a constant rate of 5 K min
-1
. 
The pressure drop was measured to be less than 70 mbar. The temperature gradient across 
the catalyst bed was shown to be negligible [19], meaning the PBR is isothermal during each 
measurement. The temperature was monitored by a single K-Type thermocouple (Omega 
KQXL, 0.05 s response time) in contact with the inlet of the catalytic bed. A close-coupled 
online quadrupole mass spectrometer (HR-20, Hiden Analytical) monitored the effluent gas 
stream. The signal for CO2 (m/z = 44), whose intensity was recorded every 0.6 s, was 
monitored with a secondary electron multiplier (SEM) detector.  
Each catalyst sample was pre-treated in a flow of the appropriate feed gas for 3 h at a 
temperature for which full conversion was achieved. Reaction profiles were recorded for 
volumetric flow rates between 30 and 50 mL min
-1 
(corresponding to gas-hourly space 
velocities, GHSV, of 3 – 9 x 104 h-1), varying in random order. Three reaction profiles were 
recorded sequentially at each flow rate. For stoichiometric CO oxidation the reactant 
atmosphere was 1000 ppm CO with 500 ppm O2 diluted in Ar. Reaction profiles were also 
recorded with 2000 ppm CO + 1000 ppm O2 diluted in Ar. 
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4.2.3. Operando IR spectroscopy 
A full description of the experiment was detailed previously [2]. Transmission 
operando IR spectra was performed in a quartz tube (200 mm x 30 mm) sealed with CaF2 
windows. 25 mg of Pd/Al2O3 was pressed into a pellet (16 mm diameter x 0.1 mm). All 
gasses were dried with an in-line dry ice/methanol bath maintained at -65 °C. The IR cell 
was purged with CO2-free air, calcined in dry O2 for 3 h at 250 °C at a flow rate of 50 mL 
min
-1
. The reactor was cooled to room temperature before the reaction atmosphere began to 
flow (2000 ppm CO, 1000 ppm O2, balance Ar, υ0 = 50 mL min
-1
). Spectra were recorded 
every 10 °C (after the temperature was stabilized for 0.5 h) up to 250 °C, with a resolution 
of 0.5 cm
-1
. 
CO2 conversion was calculated from the area of the IR signal at 2347 cm
-1
 for gas 
phase CO2. Signals for CO in the gas phase were subtracted with spectra of feed gas at the 
same temperature using IRSolution software (Shimadzu). Deconvolution of the spectra was 
performed with OriginLab. 
4.2.4. In situ XAS 
A full description of in situ XAS and the reactor were detailed previously [2]. Pd K-
edge XAS was collected in a custom aluminum flow cell with Kapton windows. Extended 
X-ray absorption fine structure (EXAFS) measurements were made on Beamline 4-1 at the 
Stanford Synchrotron Radiation Lightsource (SSRL). A Si(220) double crystal 
monochromator was used. The beam was detuned 30% to remove higher harmonics. 15 mg 
Pd/Al2O3 was pressed into a pellet (10 mm x 3 mm) and loaded perpendicular to the X-ray 
beam. The pellet was calcined (20% O2, balance He) for 2 h at 250 °C before catalysis. The 
cell was returned to room temperature before spectra were collected. The reactant gas (2000 
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ppm CO, 1000 ppm O2, balance He) was flown across the catalyst pellet. The reactor was 
stabilized at each temperature for 0.5 h before spectra were recorded.  A close-coupled 
online quadrupole mass spectrometer (Pfeiffer vacuum Omnistar) monitored the effluent gas 
stream. The signal for CO2 (m/z = 44), whose intensity was recorded every 0.6 s, was 
monitored with a secondary electron multiplier (SEM) detector. The XAS data were 
normalized and calibrated using Athena and Artemis software packages [20]. 
 
4.3. Results 
4.3.1. Variable-temperature kinetic analysis 
CO oxidation was investigated using a stoichiometric CO/O2 ratio (CCO,0/CO2,0 = b/a 
= 2) and volumetric flow rates between 30 and 50 mL min
-1
. The experimental profiles are 
shown in Figure 4.1(A). They are qualitatively similar to profiles simulated (Fig. A4.1) for 
an overall pseudo-zero-order reaction, caused by opposing reaction orders for CO (-1) and 
O2 (+1) in the power rate law, in combination with the stoichiometric ratio of their inlet 
concentrations [21]. The rate of change of the conversion begins to decrease near X  0.8, 
unlike a typical zeroth-order reaction profile (which contains a discontinuity at X = 1, Fig. 
A4.1). Above X  0.90, the conversion increases abruptly by ca. 0.05, observable as a 
discontinuity in the reaction profile. The conversion then decreases steadily, to a final 
maximum conversion of 0.95 that does not change with increasing temperature. 
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Fig. 4.1. Stoichiometric CO oxidation catalyzed by Pd/Al2O3. 
(A) Reaction profiles (lines) for CO oxidation (1000 ppm CO, 500 ppm O2, balance Ar) over 
Pd/Al2O3 (11.8 mg) diluted in SiC (30.9 mg). Only one reaction profile (of three recorded) is 
shown for each flow rate (GHSV = 3.8 – 8.9 x 104 h-1). The volumetric flow rates are: 30 
(blue), 35 (red), 40 (black), 45 (orange) and 50 (green) mL min
-1
. The inset shows the abrupt 
increase in conversion for the profiles with υ0 = 35 and 40 mL min
-1
.  (B) Global curve-fits 
(lines) of Eq. 4.3 to all reaction profiles truncated at X = 0.20 (90 °C ≤ T ≤ 142 °C). Every 
10
th
 datapoint is displayed (symbols). Ea, n, and m were refined as global parameters; the 
pre-exponential factor A was refined separately for each profile.  
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At each volumetric flow rate, the three profiles are superposable (Fig. A4.2). Eq. 4.3 
was fit globally to the data, which was truncated at X = 0.20 because O2= b/a. The data 
were truncated at low X because the assumption that b - b/a X  b is valid at low X [19]. 
The activation energy is (91.1 ± 2.2) kJ mol
-1
, which agrees with the value obtained from a 
conventional, linear Arrhenius plot analysis CO oxidation catalyzed by Pd(0)/Al2O3 [19, 22, 
23]. The refined reaction orders refined to (-1.3 ± 0.3) and (1.0 ± 0.2) for CO and O2, 
respectively. These values are expected for CO oxidation catalyzed by Pd(0) [21]. Thus 
global refinement of Eq. 4.3 yields physically meaningful reaction orders from 
stoichiometric profiles truncated at low X, in addition to accurately determining the 
activation energy. 
Eq. 4.2 was used to curve-fit all the experimental profiles, after each dataset was 
truncated at X = 0.6. The activation energy is unchanged from the fit using Eq. 4.3, (92.1 ± 
2.2) kJ mol
-1
. Nearly identical curve-fit parameters were obtained when this procedure was 
performed with data truncated at X = 0.8. Thus, the agreement between the fit and the 
experimental data is very good, Fig A4.4. The value of Ea can be extracted from profiles 
using either Eq. 4.2 or 4.3, using variable amounts of data. If a profile is truncated at low 
conversion, Eq. 4.3 can always be used to extract a full set of kinetic information.   
To explore the origin of the abrupt increase in activity at X  0.9 in more detail, the 
temperature ramp-down was controlled at a rate of 5 K min
-1
, while the conversion was 
monitored using double the inlet concentrations of Fig. 4.1. Fig. 4.2 shows that the change in 
conversion, ΔX, is higher, X = 0.18, and occurs at a lower conversion (X  0.72) and a higher 
temperature (181 °C). Above this temperature, the light-off and extinction profiles are 
superposable. However, on the ramp-down, there is an extinction event at 173 C, creating a 
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hysteresis between the light-off and the extinction profiles. Below this temperature, the 
light-off and extinction profiles are superposable.  
 
 
Fig. 4.2. Light-off and extinction observed for CO oxidation catalyzed Pd/Al2O3. 
Reaction profiles CO oxidation (2000 ppm CO, 1000 ppm O2, balance Ar) catalyzed by 
Pd/Al2O3 (12 mg). Only one reaction profile is shown for light-off (blue) and extinction 
(red). The flow rate is υ0 = 50 mL min
-1
 (GHSV = 8.9 x 10
4
 h
-1
). 
 
 
The superposability of the low conversion portions of the light-off and extinction 
profiles suggests that, after extinction, the catalyst returns to its original state before light-
off. Light-off may occur because the surface chemistry is altered, possibly by the formation 
of a more active surface oxide [2]. However, the shape of the profile above the jump is 
similar to that prior to light-off (i.e., the profile is simply displaced vertically relative to the 
predicted values at a given T). Dynamic changes in the catalyst are most often only 
observable by variable-temperature kinetics, although no information can be obtained about 
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the chemistry of the catalyst. Operando IR and in situ XAS were used to investigate the 
chemical state of the catalyst above and below light-off to probe the changes responsible for 
kinetic phase transitions. 
4.3.2. Operando IR 
The causes of the abrupt changes in conversion were explored by monitoring the 
reaction profile using operando IR spectroscopy. At each temperature, the conversion was 
calculated from the area of the vibrational signal at 2347 cm
-1
 for gas phase CO2. The global 
reaction profile, Fig. 4.3, is consistent with the analogous study performed in the PBR (Fig. 
4.2), full conversion is achieved in both at ca. 190 °C. It is important to note that the 
maximum conversion reached during the operando IR experiment is X = 0.75, due to 
catalyst bypass of the feed gas. Abrupt light-off was not observed due to the lower 
temperature resolution of IR; spectra were collected only every 10 °C. During extinction, the 
conversion decreases with T except at 170 C, where the conversion rises by ca. X = 0.05. 
Further reduction of temperature results in decreasing conversion, and the extinction profile 
is superposable with the light-off profile. The increase in conversion with decreasing 
temperature is similar to oscillations in conversion which have been observed during kinetic 
extinction experiments over this catalyst [9, 17, 18] they can be hard to detect 
spectroscopically due to the time required to acquire spectra. IR spectra in the region of the 
adsorbed CO vibrations were extracted and deconvoluted to investigate the nature of the 
CO-Pd interactions during light-off and extinction. 
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Fig. 4.3. CO conversion determined from operando IR spectroscopy. 
Reaction profiles for CO oxidation (2000 ppm CO, 1000 ppm O2, balance Ar, υ0 = 50 mL 
min
-1
) catalyzed by Pd/Al2O3 (25 mg). Light-off (blue) and extinction (red) profiles were 
recorded in an quartz IR flow cell. Prior to catalysis the catalyst was oxidized at 250 °C for 3 
h under 50 mL min
-1 
of flowing O2. 
 
 
Since the catalyst was pre-oxidized completely to PdO, CO is weakly bound to atop 
Pd(II) sites below 75 °C, resulting in a signal at 2150 cm
-1
, Fig. 4.4A. At these temperatures, 
the conversion is negligible. The surface of the PdO nanoparticles is therefore completely 
reduced to Pd(0) before the onset of activity is detected in variable-temperature kinetic-
analysis. After the temperature is ramped to 50 C, the IR spectrum shows adsorbed CO atop 
Pd(0) sites on terraces at 2066 cm
-1
 and coordinatively-unsaturated (cus) edge sites at 2088 
cm
-1
 [24]. By 100 C, CO adsorption occurs exclusively atop Pd(0) at 2066-2088 cm-1, and 
bridging on Pd (100) at 1976 cm
-1
, Pd(111) terraces at 1956 cm
-1
, as well as in 3-fold hollow 
sites at 1911 cm
-1
 [24, 25]. A typical deconvoluted spectrum, acquired at 100 C, is shown 
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in Fig. 4.5A. At high conversion, X > 0.7, the remaining adsorbed CO interacts solely with 
Pd at 3-fold hollow sites, which is consistent with large Pd(0) ensembles [26]. This explains 
why the extracted value of Ea is consistent with Pd(0), even though the catalyst state is 
initially PdO. Kinetic studies performed independently of operando characterization 
investigations may mistakenly attribute catalytic activity to the wrong form of the catalyst. 
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Fig. 4.4. Operando IR during light-off and extinction for CO oxidation catalyzed by 
Pd/Al2O3. 
Operando IR spectra recorded during (A) light-off and (B) extinction experiments for CO 
oxidation (2000 ppm CO, 1000 ppm O2, balance Ar, υ0 = 50 mL min
-1
) catalyzed by 
Pd/Al2O3 (25 mg). Spectra were recorded in a quartz IR flow cell. Prior to the experiment, 
the catalyst was oxidized at 250 °C for 3 h under 50 mL min
-1 
of flowing O2. 
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Fig. 4.5. Deconvoluted IR spectra in the region of CO adsorption. 
Deconvoluted operando IR spectra for CO oxidation (2000 ppm CO, 1000 ppm O2, balance 
Ar, υ0 = 50 mL min
-1
) catalyzed by Pd/Al2O3 (25 mg). Spectra (circles) were recorded in a 
quartz IR flow cell. Prior to catalysis the catalyst was oxidized at 250 °C for 3 h under 50 
mL min
-1 
of flowing O2. (A) Signals for spectra recorded at 100 °C during the light-off 
profile.  (B) Signals for spectra recorded at 170 °C during the extinction profile. The overall 
fit (red line) was deconvoluted into atop sites (blue lines), bridging and 3-fold hollow 
adsorption sites (green lines). The relative intensity of each component is shown in 
parentheses. 
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During extinction, CO adsorbed atop on Pd reappears by 180 °C, Fig. 4.4B. The rise 
in conversion recorded at 170 °C, Fig. 4.3, correlates with a change in the IR spectra 
recorded at 170 C and 160 C. At 170 °C, there is little CO adsorbed atop on Pd(0) terraces 
and bridged Pd(100) sites, but these sites are populated at 160 C. The spectrum recorded at 
170 °C is deconvoluted in Fig. 4.5B. The relative amount of CO adsorbed atop Pd is 
diminished indicating the population of Pd(0) sites has decreased, presumably due to the 
formation of a surface oxide which binds CO weakly. The reduced CO poisoning causes the 
increase in X observed in Fig. 4.3. Despite its lower time resolution, spectroscopic evidence 
for a transient surface oxide was acquired for CO oxidation catalyzed by Pd/Al2O3.  
4.3.3. In situ XAS 
IR spectroscopy only probes the Pd surface, while XAS gives information about all 
of the Pd. Therefore understanding the results of IR and XAS reveals the subsurface 
chemistry of the Pd nanoparticles. In situ X-ray absorption spectroscopy was used to 
examine the Pd nanoparticles during the oxidation of CO. At 35 C, before the onset of 
reaction, the X-ray absorption near edge spectroscopy (XANES) region shows the edge at 
24.345 keV with a prominent white-line above the absorption edge, Fig. 4.6. These features 
are characteristic of Pd
2+
, which is consistent with the oxidative pretreatment and with the 
IR spectra recorded at 30 °C, Fig 4.4A. The magnitude of the k
2
-weighted Fourier-transform 
of the X-ray absorption fine structure at 35 C contains two major components: (1) a Pd-O 
single-scattering path at 1.5 Å and (2) a Pd-Pd single scattering path at 2.5 Å, Fig 4.7, 
typical of PdO.  
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Fig. 4.6. In situ Pd K-edge XANES for CO oxidation catalyzed by Pd/Al2O3. 
X-ray absorption near edge spectroscopy (XANES) at the Pd-K edge for CO oxidation 
(2000 ppm CO, 1000 ppm O2, balance He, υ0 = 50 mL min
-1
) catalyzed by Pd/Al2O3 (15 
mg), for the increase in temperature. (A) Edge position of XANES spectra recorded at each 
temperature. (B) White line and isosbestic point. Temperatures recorded: 35 (dark blue), 50 
(blue), 90 (light blue), 120 (green), 140 (yellow), 150 (orange), 160 (dark orange), 170 (red), 
200 (dark red), and 250 °C (brown). 
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Fig. 4.7. k
2
-weighted Fourier-transformed in situ XAS. 
In situ X-ray absorption spectra recorded during CO oxidation (2000 ppm CO, 1000 ppm 
O2, balance He, υ0 = 50 mL min
-1
) catalyzed by Pd/Al2O3 (15 mg). Profiles recorded 
isothermally after allowing the reactor to equilibrate for 0.5 h.  
 
 
Fig 4.6A shows that the edge energy decreases with each temperature increment, 
which indicates reduction of PdO to Pd(0). From 90 - 120 C, PdO is significantly reduced, 
as evidenced by the lower white line intensity. An isosbestic point is observed at 24.374 
keV, signifying the clean conversion of Pd
2+
 to Pd(0). By 140 C, the XANES represents 
almost entirely Pd(0). The Pd-O path at 1.5 Å in Fig. 4.7 is entirely absent by 120 C. 
Therefore PBR experiments are only collecting kinetic data for the oxidation of CO 
catalyzed by Pd/Al2O3, not the starting material, PdOx/Al2O3. No further changes in EXAFS 
were observed once the catalyst was reduced to Pd(0).  
The kinetic profiles recorded with high resolution in the PBR, Fig. 4.1 – 4.2, clearly 
show light-off which we attribute to the formation of an active surface oxide. The in situ 
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XAS spectra recorded above 120 C only shows Pd(0) because (1) the temperature 
resolution of the experiments were unable to capture the catalyst during light-off and (2) 
XAS is a bulk technique and is insensitive to the surface. The lack of change in the XAS 
above and below the light-off temperature indicates that the bulk of the catalyst is largely 
unchanged. Operando IR spectroscopy shows that CO is largely adsorbed atop on Pd(0) and 
not PdO above light-off suggesting that the surface of the catalyst is reduced after light-off. 
The increase in conversion during extinction correlates with a decrease in the signal for CO 
atop on Pd(0) suggesting the formation of an oxidized surface that is not poisoned by CO. 
The increase in activity may remain after light-off because a layer of sub-surface oxide 
remains which is undetectable by XAS because the nanoparticles are predominately Pd(0). 
 
4.4. Conclusions  
At temperatures below 100 °C, PdO nanoparticles are reduced in flowing CO and O2 
to Pd(0). However the change in the state of the catalyst is not detectable via kinetic 
analysis, due to very low catalytic activity under these conditions (X < 0.01). Variable-
temperature kinetic analysis of the reaction profile up to X = 0.80 yields an activation energy 
of (92 ± 2) kJ mol
-1
, consistent with Pd(0) metal nanoparticles and single crystals [21-23]. 
Reaction profiles recorded in a PBR show a region of hysteresis between the ramp-up and 
ramp-down and two points of discontinuity (indicating a change in the surface chemistry). 
Other regions of the ramp-up and -down profiles are superposable. XAS showed that the 
bulk of the PdO is partially reduced upon exposure to the CO-O2 atmosphere at low 
temperature, and completely reduced by 120 °C. The majority of the Pd remains fully 
reduced before and after light-off, although XAS may not detect a thin surface oxide. In situ 
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IR corroborates the change in the surface of the catalyst from PdO to Pd(0) before the onset 
of activity. During extinction at 170 °C, there is a sudden disappearance of signals 
associated with CO-Pd(0), suggesting a transient chemical state responsible for the 
hysteresis observed during the ramp-down in temperature. Abrupt increases in conversion 
are consistent with the formation of an active surface oxide that is not poisoned by CO, as 
evidenced by the IR spectra recorded at 170 °C during extinction. It is possible that the 
active surface oxide is rapidly partially reduced again to Pd(0), similar to the state of the 
catalyst before light-off. This explains why no CO-PdO signal is observed above light-off by 
IR, and why PdO is not detectable by XAS above light-off. 
This study demonstrates the need to conduct thorough kinetic and spectroscopic 
investigations together to confidently link catalyst activity to the chemical state of the 
catalyst. Future, operando and in situ experiments with much higher time/temperature 
resolution will shed more light on dynamic changes in the catalyst. 
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Appendix 4 
 
Fig. A4.1. Simulated reaction profiles for CO oxidation catalyzed by Pd/Al2O3. Profiles were simulated with 
Eq. 4.2. Parameters were fixed at: Ea = 92 kJ mol
-1
, A = 10
5
 mol CO gcat
-1
 s
-1
, CCO,0 = 0.0409 mol m
-3, ΘO2 = 
1/2, Wcat = 0.01 g, n = -1, and m =1. The volumetric flow rate, υ0, was simulated for 30 (blue), 35 (red), 40 
(black), 45 (orange), and 50 mL min
-1
 (green). 
 
 
Fig. A4.2. Reaction profiles for CO oxidation (1000 ppm CO, 500 ppm O2, balance Ar, υ0 = 30 mL min
-1
) 
catalyzed by Pd/Al2O3 (11.8 mg) diluted in SiC (30.9 mg). Three consecutive profiles were recorded from 
room temperature to 200 °C. The first profile (blue squares), second profile (red circles), and the third profile 
(green triangles) recorded are superposable. 
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Fig. A4.3. Arrhenius plot for CO oxidation (1000 ppm CO, 500 ppm O2, balance Ar, υ0 = 50 mL min
-1
) 
catalyzed by Pd/Al2O3
 
(11.8 mg) diluted in SiC (30.9 mg). The natural log of the rate of reaction is plotted 
against the reactor temperature. Isothermal measurements were made for 105 °C < T < 132 °C and 0.01 < X < 
0.10. 
 
 
Fig. A4.4. Reaction profiles for CO oxidation (1000 ppm CO, 500 ppm O2, balance Ar) over Pd/Al2O3 (11.8 
mg) diluted in SiC (30.9 mg). Only one reaction profile (of three recorded) is shown for each flow rate (GHSV 
= 3.8 – 8.9 x 104 h-1). The volumetric flow rates are equal to: 30 (blue), 35 (red), 40 (black), 45 (orange) and 50 
(green) mL min
-1
. Global curve-fits (lines) of Eq. 4.2 to all reaction profiles truncated at X = 0.80 (90 °C ≤ T ≤ 
157 °C). Every 10
th
 datapoint is displayed (symbols). Ea, n, and m were refined as global parameters; the pre-
exponential factor A was refined separately for each profile. 
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Chapter 5: Analysis of Variable-Temperature Reaction Profiles 
Impacted by Mass Transport Limitations 
5.1. Introduction 
5.1.1. Background 
Conventional kinetic analysis of heterogeneous catalysts often suffers from long, 
labor-intensive experimentation and the comparison of non-informative single-point 
measurements that may be prone to error. Comparison of the turnover frequency (TOF) [1], 
temperature at which 50% conversion, T50, occurs, or the rate at a specified temperature can 
be problematic due to abrupt changes in the activity and the difficulty comparing 
measurements made in different reactors under different conditions. Therefore there is a 
need for new methods of kinetic analysis that are amenable to the high throughput studies 
and provide a wealth of quantitative and qualitative information. Variable-temperature 
kinetic experiments, where the temperature is increased at a constant rate and the reactor is 
assumed to be at steady state during each X measurement, have been used to extract 
activation parameters from experimental conversion-temperature, X-T, data with varying 
success [2-15]. In some cases the rate of external mass transport was included in the 
derivation of analytical and numerical solutions for the kinetics [4-6, 8-10]. Previously, we 
reported a rapid method to extract rate law information and activation parameters from 
variable-temperature reaction profiles (X-T data) for reactions that are kinetically-limited, 
free from limitations and gradients in temperature, and the reaction obeys a power rate law 
[3]. In this paper we explore the effects of internal and external mass transport on simulated 
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reaction profiles for reactors free from temperature gradients, and study the effect of 
diffusion for CO oxidation catalyzed by Pt/Al2O3. 
5.1.2. Kinetically-limited variable-temperature reaction profiles 
Kinetically-limited reaction profiles were explored in a previous study of H2, C3H8, 
and CO oxidation over Pd/γ-Al2O3 [3]. When the rate of the surface reaction is significantly 
slower than the rate of diffusion (either external or internal), the observed reaction rate is 
kinetically-controlled. Even complex Langmuir-Hinshelwood (L-H) rate laws containing 
many kinetic parameters can often be simplified to mass action (power) rate laws under the 
restricted range of experimental conditions sampled in a reaction profile. Previously, we 
showed that the profile can be described completely by combining such a simple power rate 
law (written in terms of the bulk gas phase concentrations) with the Arrhenius equation and 
the mass balance, as represented in the reactor design equation.  
When heat transport effects are also negligible, the rate of a kinetically-limited reaction with 
j + 1 concentration dependencies in a packed bed reactor (PBR) is given by Eq. 5.1: 
 
      
  
  
       
 
  
  [    (   )]
 
∏ [    (       ⁄ )]
   
   (5.1) 
 
A is the Arrhenius pre-exponential factor, Ea is the activation energy, Ca,0 is the inlet 
concentration of the limiting reactant a, υ0 is the inlet volumetric flow rate , Θi is the ratio of 
the inlet concentrations of reactants i and a, a and bi are the stoichiometric coefficients of a 
and i, and n and mi are the reaction orders for species a and i, respectively. Variable-
temperature profiles can be analyzed by non-linear curve-fitting of Eq. 5.1, determining 
simultaneously the reaction orders and the activation parameters.  
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Commonly, the rate law depends on the concentrations of just one or two reactants. 
Analytical solutions are possible for any reaction orders n and m provided Θb = b/a, Eq. 5.2. 
Here, the inlet concentration Ca,0,ref and τref = W/υ0 (gcat s m
-3
, the residence time or space-
time) are calculated at an arbitrary reference temperature, Tref, and their temperature-
dependent values are calculated from the ideal gas law, Ca = P/RT, where P is the pressure 
and R is the gas constant. If Θb ≠ b/a, the approximate solution in Eq. 5.3 is valid for all 
conversions provided Θb >> b/a. The solution is valid up to moderately high values of 
conversion even when Θb is not large.  
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 If the reaction orders are known, they can be fixed and analytical solutions for X can 
be solved. For example, H2 oxidation catalyzed by supported noble metal nanoparticles in an 
O2-rich environment obeys a simple, first-order rate law [16, 17]. The appropriate simplified 
form of Eq. 5.1, with n = 1 and m = 0, is shown in Eq. 5.4. 
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       (5.4) 
 
CO oxidation over platinum group metals such as Pd and Pt on alumina are known to 
obey a Langmuir-Hinshelwood reaction mechanism, which simplifies to a simple power rate 
law under most relevant reaction conditions in which the reaction orders are -1 and +1 with 
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respect to CO and O2, respectively [18, 19]. The analytical solution to Eq. 5.3 for CO-lean 
oxidation (CO is the limiting reactant) can be reduced to two variables: Ea and A, Eq. 5.5 
[3]. 
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5.1.3. Mass Transport Effects on Variable-temperature Reaction Profiles  
When the rate of mass transport (either external or internal to the catalyst pellet) is 
comparable to the rate of reaction, it influences the shape and position of the reaction 
profile. Effects of external mass transport (also referred to as interparticle diffusion) are 
most commonly manifested at high conversions, where the gradient between bulk and 
surface concentration is appreciable. The rate of external mass transport (-rext, in mol gcat
-1
 s
-
1
) depends on the concentration gradient that exists between the bulk gas phase and the 
surface, Eq. 5.6:  
 
         (       )       (5.6) 
 
where Ca and Ca,s are the concentrations of the limiting reactant a in the bulk gas phase and 
at the external surface of the catalyst particle, respectively, kc is the mass transfer coefficient 
of a, and S is the catalyst surface area per g catalyst. 
 The Mears’ Criterion, Eq. 5.7, is a theoretical approximation to test if a reaction is 
kinetically-limited or external mass transport-limited [20]. 
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             (5.7) 
 
For spherical catalyst particles of radius Rp for a reaction with order n and a gas phase 
concentration of Ca,bulk, the reaction is kinetically controlled if the Mears’ Criterion is less 
than 0.15. 
Effects of Internal mass transport (or intraparticle, diffusion) may be important in 
describing the kinetics for highly porous catalysts, for which the active sites are 
predominantly located on internal surfaces which dominates the total surface area of the 
catalyst. For non-porous catalysts, intraparticle diffusion does not affect the rate. Resistance 
to internal diffusion is represented by the internal effectiveness factor, η, Eq. 5.8. 
 
       (     )        
        (5.8) 
 
5.1.4. CO oxidation light-off catalyzed by Pt  
CO oxidation catalyzed by supported Pt nanoparticles has been studied extensively 
particularly because of the importance of the reaction to automobile exhaust catalysts [21]. 
Pt for CO oxidation remains an interesting research area because oscillations in conversion 
are observable during single-temperature and variable-temperature kinetic experiments as 
well as the occurrence of a hysteresis observed in reaction profiles during temperature ramp 
up and ramp down (extinction) experiments. Much of the early work in this field was 
performed on Pt single crystals and wires under UHV conditions [22-26]. Reaction profiles 
for CO oxidation on Pt nanoparticles display an abrupt and discontinuous increase in 
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reactivity over a temperature range of less than 1 K. This behavior will hereafter be referred 
to as light-off. Reaction oscillations, hysteresis, and light-off for CO oxidation catalyzed by 
Pt nanoparticles supported on alumina was studied by various in situ and operando 
techniques recently, although no clear consensus exists to explain these observations at 
atmospheric pressure. By in situ infrared spectroscopy (IR) it was demonstrated that light-
off coincides with a dramatic decrease in observable CCO,s adsorbed to metallic Pt atop sites 
[27-29]. Oxidation of Pt(0) to Pt oxide occurs concurrently with light-off and the 
disappearance of linearly bound CO on Pt(0), as determined by in situ X-ray absorption 
spectroscopy [27, 30-33]. While the phenomenon has garnered wide attention, both recent 
and old, the origin remains a topic of debate. Proposed explanations include hysteresis 
between light-off and extinction, and sustained oscillations in conversion, include (1) facile 
transformation of surface Pt(0) into a super-active oxide layer that is not poisoned by 
adsorbed CO and can be readily transformed back to Pt(0) [28, 30, 31, 33, 34], (2) ignition 
caused by hot spots that occur when CCO,S declines to a value that no longer poisons the 
catalyst [32, 35], and (3) surface reconstruction of metallic Pt nanoparticles [36]. 
5.1.5. Objectives 
Here we explore the analysis of reaction profiles in which mass transport makes a 
significant contribution to the observed rate of reaction. A method is demonstrated to 
observe the transition from reaction-limited to mass transport-limited conditions for 
simulated profiles, and to extract reliable kinetic parameters free from mass transport 
effects. The catalytic oxidation of CO over Pt/γ-Al2O3 is studied to observe the role particle 
size and flow rate (which effect internal and external diffusion) have on light-off, which has 
not been observed before. 
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5.2 Experimental Methods 
5.2.1. Materials 
1.0 wt% Pt supported on γ-Al2O3 (Pt/Al2O3) was purchased from a commercial 
supplier (Sigma-Aldrich, product 205966, surface area (206 ± 1) m
2
 g
-1
; Pt dispersion 0.25 
[37]). The Pt nanoparticles have an average size of (4.3 ± 1.7) nm as determined by TEM 
[38]. The as-received powder was pressed into pellets and ground with a mortar and pestle 
so that the catalyst support could be separated into known particle size distributions. The 
resulting powder was placed in a sieve set with sizes of 20, 40, 60, 80, and 100 mesh sizes. 
Particles were retrieved such that the largest particle diameters were between 20 and 40 
mesh (0.43 < 2Rp < 0.85 mm) and the smallest particles were between 80 and 100 mesh size 
(0.15 mm < 2Rp < 0.18 mm).  
The high purity reaction gasses were supplied by Praxair: Ar (99.99 %), O2 (5000 
ppm in Ar, 99.99 %, and pure O2, 99.99% purity), CO (5005 ppm in Ar, 99.99 %), and CO2 
(5000 ppm in Ar, 99.99 %). 
5.2.2. Experimental Methods 
Oxidation of CO (1000 ppm) was performed with either a 200-fold excess of O2 (ΘO2 = 
CO2,0/CCO = 100, balance Ar) or an eight-fold excess of O2 (ΘO2 = CO2,0/CCO =  4, balance 
Ar). Variable-temperature reaction profiles were recorded in a CATLAB micro-reactor 
(Hiden Analytical), containing 12 mg catalyst diluted 3:1 w/w with SiC as previously 
described [3], to minimize formation of hot spots. The reactor temperature was increased at 
a constant rate of 5 K min
-1
. Calculation of the Mears’ heat criterion and empirical 
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investigations showed the reactor was isothermal for CO oxidation catalyzed by Pd/Al2O3 
[3]. Therefore it was assumed no temperature gradients exist in this study because the only 
difference is Pt is used instead of Pd. A single temperature measured by a thermocouple 
(Omega KQXL, 0.05 s response time) in contact with the catalyst at the front end of the 
catalyst bed was used to describe the reactor temperature. An online secondary electron 
multiplier (SEM) mass spectrometer was used to monitor the signal for CO2 (m/z = 44) at 
the reactor outlet. Flow rates were varied from 25 to 100 mL min
-1
. Prior to recording the 
first of three consecutive reaction profiles, the catalyst was pre-conditioned for 3 h in the 
desired reaction atmosphere (υ0 = 50 mL min
-1
) at a temperature for which the CO 
conversion X > 0.95. Conversion was calculated from the intensity of the m/z signal for CO2 
divided by the signal intensity for calibration gas (CO2) measured at the same flow rate and 
theoretical maximum yield (1000 ppm CO2). 
5.2.3. Simulation of Variable-Temperature Reaction Profiles 
Simulated reaction profiles were calculated both analytically and numerically 
(described in section 5.3) using Mathematica (Wolfram) and selected values of kc, η, and τ 
that demonstrate kinetic- and transport-limited profiles. Profiles corresponding to a first-
order rate law were simulated using arbitrary kinetic parameters. Profiles for CO oxidation 
were simulated for Pt/Al2O3 using kinetic parameters from this work.  
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5.3. Results 
5.3.1. Analytical description for the impact of mass transport on variable-
temperature reaction profiles  
The mass transfer coefficient for arbitrary reaction conditions, kc,ref, was calculated at the 
reference temperature Tref, and used to determine its temperature-dependent value kc(T) (see 
Appendix for sample calculation). Since kc(T) is proportional to D12
2/3
 (D12 is the diffusivity 
of the reactant), U
1/2
 (U is the linear velocity of the feed gas), and ν-1/6 (ν is the kinematic 
viscosity of the reactant gas),
 
and since D12, U and ν vary with temperature as T
7/4
, T and 
T
3/2
, respectively [39], the overall temperature dependence of kc is that given in Eq. 5.9: 
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/
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(       )      (5.9) 
 
First, we consider a reaction that obeys a simple first-order rate law whose rate is impacted 
by external and/or internal mass transport. At steady-state, the mass balance for the limiting 
reactant a requires that the rate of external mass transport be equal to the rate of reaction 
inside the pores, Eq. 5.10, resulting in the expression for Ca,s shown in Eq. 5.11. After 
integration, this equation can be solved explicitly for conversion, Eq. 5.12, making use of 
the temperature-independent reference values for kc and τ as described above. 
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For a zeroth-order reaction (or a reaction with opposing reaction orders, such as CO 
oxidation), the corresponding expression for conversion is equivalent to the kinetically-
limited case multiplied by the internal effectiveness factor, Eq. 5.13. In other words, the 
rates of zeroth-order reactions can never be limited by the rate of external mass transfer, as 
predicted by Mears’ Criterion for mass transport [20]. 
 
  
   
    
         (5.13) 
 
A full Langmuir-Hinshelwood rate expression may simplify to a pseudo-zeroth-order power 
law for low to moderate values of X, but at high conversion the reaction orders will change 
with coverage and/or absorption coefficients, making mass transfer limitations relevant.  
5.3.2. Numerical analysis  
For rate laws represented by forms other than first- and pseudo-zeroth-order power laws, 
there is no analytical expression for the variable-temperature reaction profile. However, 
numerical methods can be used to simulate and fit reaction profiles. The rate of reaction for 
the simplified L-H mechanism for CO oxidation in excess oxygen contains two surface 
concentrations, therefore the rate of external mass transport must be considered for CO and 
O2. The couple equations must be solved for both surface concentrations, Eq. 5.14 – 5.15. 
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Eq. 5.14 is written in terms of the rate with respect to carbon monoxide. Eq. 5.15 is written 
in terms of oxygen. The factor of 2 in Eq. 5.15 is a consequence of the reaction 
stoichiometry (-rCO = -rO2 / 2). The solution for the surface concentrations is cubic, therefore 
three values of CCO,S are possible, although they are not all necessarily physically 
meaningful. Sudden discontinuities during light-off (ramp-up) and extinction (ramp-down) 
have been attributed to multiple steady-states for CO oxidation over Pt catalysts [5, 22]. 
Discontinuities (sudden increases or decreases in conversion) and hysteresis between light-
off and extinction may also be caused by changes in the chemistry of the catalyst that 
change the rate law, referred to as the bistability of the L-H mechanism [26, 40].  
5.3.3. Effect of external mass transport limitations on a simulated first-order 
reaction 
Variable-temperature reaction profiles were simulated for a first-order reaction with 
and without external mass transport limitations, using Eq. 5.12 and 5.4, and three different 
values of kc. The activation parameters were chosen to be Ea = 100 kJ mol
-1
 and A = 10
8
 m
3
 
s
-1
 gcat
-1
. The residence time and concentration were chosen to be similar to our typical 
experimental conditions: τ = 15 000 gcat s m
-3
, and Ca,0 = 0.0409 mol m
-3
 (1000 ppm). The 
gas properties were estimated for argon at 298 K (see Appendix). A typical value of kc is 5 x 
10
-2
 m s
-1
, corresponding to a Mears’ Criterion value of 1 x 10-3 at X = 0.1 (T = 128 °C), 
which indicates that the reaction is kinetically controlled. 
A profile simulated without mass transport effects, Eq. 5.4, and profiles for three 
values of kc were simulated, Fig. 5.1. The kinetically-controlled profile and Eq. 5.12 with kc 
= 0.05 m s
-1
 are superposable, confirming that this value of kc gives a kinetically-limited 
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profile. Therefore only Eq. 5.12 was plotted for clarity. Fig. 5.1 shows that the reaction 
profiles are nearly superposable for all values of kc at low conversion (below X ~ 0.1). For kc 
= 1 x 10
-5
 m s
-1, Mears’ Criterion at X = 0.1 is 10. This is almost two orders of magnitude 
greater than the cutoff (0.15), indicating that external mass transport influences the reaction 
rate. The influence of external mass transport in this case is minimal. However the increase 
in rate with temperature at high conversion is slower than in the kinetically-limited case, 
requiring slightly higher temperatures to reach the same non-differential conversions. When 
kc = 1 x 10
-6
 m s
-1
, Mears’ Criterion at X = 0.1 is 100, meaning the reaction rate is strongly 
influenced by external mass transport. The corresponding profile deviates significantly from 
the kinetically-limited case when X > 0.1, and the conversion never reaches 1.0 because the 
reactants cannot diffuse to the surface before they are carried out of the reactor zone.  
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Fig. 5.1. Simulated reaction profiles for a first-order rate law in an isothermal packed-bed 
reactor, influenced by external mass transport. 
Simulated reaction profiles, obtained using Eq. 5.12 to include the effect of external mass 
transport limitations. The reaction parameters were set to values of: A = 10
8
 m
3
 s
-1
 gcat
-1
, Ea = 
100 kJ mol
-1, τref = 15 000 gcat s m
3
, Ca,0 = 0.0409 mol m
-3
, Sa = 76 m
2
 g
-1
, and Tref = 298 K. 
The value of kc,ref was estimated for Ar to be 0.05 m s
-1
 at 298 K. The profile with kc,ref = 
0.05 m s
-1
 is superposable with the profile simulated using Eq. 5.4. 
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5.3.4. Effect of internal mass transport limitations on first-order rate laws 
Reaction profiles were also simulated using Eq. 5.12, to investigate the effects of 
increasing resistance to internal mass transport with (Fig. 5.2B) and without (Fig. 5.2A) 
external mass transport limitations. In Eq. 5.12, the internal effectiveness factor appears as 
the product with the pre exponential factor and residence time. Decreasing the value of 
either A or τ causes the reaction profile to shift to higher temperatures, Fig. 5.2. Unlike the 
external transport-limited profiles in Fig. 5.1, the internal transport-limited reaction profiles 
in Fig. 5.2A are not superposable at low conversion. Profiles that are influenced by internal 
diffusion limitations are also not superposable with the kinetically-limited profile. 
Physically, the increased barrier to internal diffusion into the pores results in a decrease in 
the effective number of active sites because the reactants cannot diffuse into the pores. This 
results in an apparent decrease in the observed rate, compared to a catalyst in which all 
active sites are accessible to the reactants. 
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Fig. 5.2. Simulated reaction profiles for first-order rate laws under the influence of internal 
and/or external mass transport limitations. 
Simulated reaction profiles, obtained using Eq. 5.12 to include the effect of internal and 
external mass transport limitations. The reaction parameters were set to values of: A = 10
8
 
m
3
 s
-1
 gcat
-1
, Ea = 100 kJ mol
-1, τref = 15 000 gcat s m
3
, Ca,0 = 0.0409 mol m
-3
, Sa = 76 m
2
 g
-1
, 
and Tref = 298 K. The value of kc,ref was estimated for Ar at 298 K to be 0.05 m s
-1
. The 
profile with kc,ref = 0.05 m s
-1
 corresponds to the kinetically-limited case. (A) Reaction 
profiles with kc,ref = 0.05 m s
-1
 (at 25 °C), and η varied from 1.0 to 0.2. (B) External mass 
transfer-limited reaction profiles with kc,ref = 1 x 10
-6
 m s
-1
 (at 25 °C), with η  equal to 1 and 
0.2. 
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5.3.5. Simulated reaction profiles for CO oxidation under the influence of mass 
transport 
Reaction profiles were simulated using the surface concentrations of the reactants 
calculated using Eq. 5.14 – 5.15 to simulate the behavior of internal and external mass 
transport-limited reaction profiles, Fig 5.3. Profiles were simulated using estimated kinetic 
parameters for CO oxidation catalyzed by Pt/Al2O3 (see below). Under the reaction 
conditions used in this study, the estimated value of kc,CO is 7.4 x 10
-2 
m s
-1
 for υ0 = 25 mL 
min
-1
 at 120 °C, and the reaction is kinetically-limited according to Mears’ Criterion. In 
order to simulate external mass transport, values of kc for CO and O2 were both fixed to 1 x 
10
-6
 m s
-1
. At low conversion, the external mass transport-limited profile is superposable 
with the kinetically-limited profile, similar to Fig. 5.1. Profiles under extreme external mass 
transport limitations do not reach X = 1. Instead, the profile approaches a maximum 
conversion asymptotically. The profile is continuous for all temperatures, and takes on a 
sigmoidal shape because the external diffusion equation is first-order in concentration. The 
profile impacted by internal diffusion limitations is translated to higher temperatures, but 
otherwise is similar in shape to the kinetically-limited profile. The internal effectiveness 
factor effectively decreases the residence time (by decreasing the number of active sites, W, 
Eq. 5.5) causing the profile to reach equivalent conversions at higher temperatures.  
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Fig. 5.3. Simulated profiles for CO oxidation catalyzed by Pt/Al2O3, showing the effects of 
internal and external mass transport limitations. 
Simulated reaction profiles, obtained using Eq. 5.5 and 5.14 – 5.15 with Eq. 5.1. The 
reaction parameters were set to values of: A = 1400 mol CO s
-1
 gcat
-1
, Ea = 88 kJ mol
-1, τref = 
7200 gcat s m
3
, CCO,0 = 0.0409 mol m
-3
, CO2,0 = 0.164 mol m
-3
, Sa = 76 m
2
 g
-1
, and Tref = 298 
K. Eq. 5.5 was simulated for the kinetically-controlled case (blue), and for η = 0.4 (green). 
Eq. 5.14 – 5.15 was solved for kc,CO = kc,O2 = 1 x 10
-6
 m
 
s
-1
 (red) and the values for surface 
concentration were substituted into Eq. 1 to simulate an external mass transport-limited 
profile.  
 
 
 External mass transport-limited profiles, were simulated with Eq. 5.1 using solutions 
for the surface concentrations obtained from solving Eq. 5.14 – 5.15. The effect of 
volumetric flow rate was investigated by varying the values of 100, 50, and 25 mL min
-1
. 
The corresponding mass transfer coefficients for CO at 120 °C, are 0.17, 0.11, and 0.074 m 
s
-1
, respectively. The value of kc for the profiles with υ0 = 50 and 100 mL min
-1
 are 1.5 and 
2.2 times greater than kc at 25 mL min
-1
, respectively. The large values of kc result in 
kinetically-limited profiles that only show the effects of τ. The profiles were therefore 
simulated with smaller values of kc to make external mass transport effects visible: kc,CO = 
0.0
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kc,O2 = 1 x 10
-4
 m s
-1
 for υ0 = 25 mL min
-1
, with values of kc for υ0 = 50 and 100 mL min
-1
 
were 1.5 and 2.2 x greater, respectively. The resulting profiles in Fig. 5.4 are continuous for 
all T. The profiles appear sigmoidal near maximum conversion (Xmax) because the external 
mass transport rate equation, Eq. 5.9, is first-order in concentration. The inset to Fig. 5.4 
shows that profiles simulated with larger volumetric flow rates and mass transfer 
coefficients plateau at lower values of Xmax, because reactants are more likely to flow out of 
the reactor without interacting with the catalyst. In addition, Mears’ Criterion for external 
mass transport increases with flow rate (Mears’ Criterion   -ra / kc   υ0
0.5
). The increased 
impact of external mass transport limitations also explains the decrease in Xmax. 
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Fig. 5.4. Simulated reaction profiles for CO oxidation catalyzed by Pt/Al2O3 for 3 
volumetric flow rates. 
Simulated reaction profiles, obtained using Eq. 5.1 and surface concentrations calculated 
using Eq. 5.14 – 5.15. The reaction parameters were set to values of: A = 1400 mol CO s-1 
gcat
-1
, Ea = 88 kJ mol
-1
, Ca,0 = 0.0409 mol m
-3
, CO2,0 = 4.09 mol m
-3
, Sa = 76 m
2
 g
-1
, and Tref = 
298 K. The flow rate (and consequently the residence time) was simulated at values of: υ0 = 
100 mL min
-1
 (7200 gcat s m
3) (blue), υ0 = 50 mL min
-1
 (14 400 gcat s m
3) (green), and υ0 = 
25 mL min
-1
 (28 800 gcat s m
3
) (red). The inset shows the maximum conversion (Xmax) 
reached for each profile. 
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5.3.6. Influence of flow rate and inlet concentration on experimental reaction 
profiles 
Reaction profiles were recorded for CO oxidation catalyzed by Pt/Al2O3 for three 
different average particle sizes (referring to the support, -Al2O3; the Pt nanoparticle size is 
constant) and two different values of ΘO2 (100, and 4). Typical results are shown in Fig. 5.5, 
for catalyst sieved to 20-40 mesh size (corresponding to particle diameters 0.85 > 2Rp > 0.43 
mm). Profiles recorded at each volumetric flow rate are continuous at low conversion until 
catalyst light-off. At this point, the conversion increases abruptly to nearly its maximum 
value, over a temperature range that is less than 1 °C, Fig. 5.5A. The precise location (T, X) 
of the abrupt discontinuity is quite reproducible in consecutively recorded profiles over the 
same catalyst bed, Fig. 5.5A. Values of (T, X) at which light-off occurs, (TLO, XLO), are listed 
in Table 5.1 for this particle size as a function of volumetric flow rate and ΘO2. Results for 
other catalyst particle sizes are collected in Tables A5.1 and A5.2 of the Appendix.  
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Table 5.1. Relationship between light-off temperature and conversion for CO oxidation 
catalyzed by Pt/Al2O3 
a
 
ΘO2
 b
 υ0 / mL min
-1 
XLO TLO / °C 
100 100 0.08 128 
100 50 0.13 123 
100 25 0.23 120 
4 100 0.14 178 
4 50 0.23 171 
4 25 0.31 164 
a
 Oxidation of 1000 ppm CO catalyzed by Pt/Al2O3 (12 mg) sieved to a mesh size of 20-40, then diluted 1:3 
with SiC (36 mg).
  
b  ΘO2 = 100 (100 000 ppm O2) or 4 (4000 ppm O2), balance Ar. 
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Fig. 5.5. Effect of inlet O2 concentration and flow rate on light-off profiles for CO oxidation 
catalyzed by Pt/Al2O3 (20-40 mesh particle size). 
Reaction profiles for CO oxidation (1000 ppm CO) catalyzed by Pt/Al2O3 (12 mg, sieved 
mesh size 20-40) diluted in SiC (36 mg). (A) Three consecutive reaction profiles, recorded 
with ΘO2 = 100 (100 000 ppm O2) and υ0 = 25 mL min
-1
; showing every 3
rd
 data point. The 
first (red squares), second (blue triangles), and third profiles (green circles) are 
superposable. The inset magnifies light-off for the first reaction profile. (B) Reaction 
profiles recorded with ΘO2 = 100 (dashed lines), and ΘO2 = 4 (4000 ppm O2, solid lines). 
One reaction profile is shown for each flow rate, with υ0 = 25 (green), 50 (blue), and 100 
(red) mL min
-1
.  
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Fig. 5.6. Effect of residence time on light-off profiles for CO oxidation. 
Reaction profiles for CO oxidation (1000 ppm CO, 100 000 ppm O2, balance Ar) over 
Pt/Al2O3 (sieved mesh size of 60-80) diluted 1:3 w/w in SiC. The mass of catalyst is 7.3 mg 
for profiles recorded at υ0 = 25 mL min
-1
 (blue) and 50 mL min
-1
 (green), and 11.3 mg for 
profiles recorded at υ0 = 39 mL min
-1
 (red) and 77 mL min
-1
 (orange). The flow rates were 
chosen so that the residence time is constant for each pair of profiles, i.e., 0.29 mg min mL
-1
 
(red/blue) and 0.15 mg min mL
-1
 (green/orange). 
 
 
Increasing the volumetric flow rate causes the light-off temperature to increase, and 
the conversion at which light-off occurs to decrease. The increase in TLO is typically caused 
by a decrease in the residence time, which shifts the position of the entire reaction profile 
[3]. To verify that this is the case here, profiles with the same residence time (but different 
volumetric flow rates and mass of catalyst) were recorded. The profiles are superposable 
before, during and after light-off, Fig. 5.6, demonstrating that the flow rate itself does not 
affect the light-off temperature. Increasing the inlet O2 concentration causes both the light-
off temperature and conversion to decrease. In a more oxidizing atmosphere, the surface is 
more readily oxidized, resulting in higher activity at lower temperatures [30, 31, 33, 34]. 
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As the flow rate increases, the maximum conversion achieved also decreases. Table 
5.2 shows Xmax for each value of υ0 and ΘO2 at a constant catalyst particle size (20-40 mesh). 
Results for other particle sizes are shown in Table A5.4. This trend is consistent with the 
behavior seen in simulated reaction profiles (Fig. 5.4), which shows that observed reaction 
rates are impacted more by the rate of external mass transport at higher flow rates. For ΘO2 = 
4, the appearance of the reaction profile above XLO becomes increasingly sigmoidal at higher 
flow rates. At the lowest flow rate (υ0 = 25 mL min
-1
), the rate accelerates as the reactor 
approaches maximum conversion, consistent with behavior expected for an inverse-first-
order rate law. The temperature range over which the conversion increases from 0.31 to 0.99 
is just 3 °C. At the highest flow rate (υ0 = 100 mL min
-1
), the rate begins to decelerate above 
X = 0.7, causing the profile to become S-shaped as it approaches a maximum conversion of 
0.93 slowly over a range of 24 °C. The change is not smooth, leveling off briefly at 185 °C 
(X = 0.7) then accelerating again. 
 
Table 5.2. Maximum observed conversion in CO oxidation catalyzed by Pt/Al2O3 
a
 
ΘO2 
b
 υ0 / mL min
-1 
Xmax 
100 100 0.93 
100 50 0.95 
100 25 0.98 
4 100 0.93 
4 50 0.97 
4 25 0.99 
a
 Oxidation of 1000 ppm CO catalyzed by Pt/Al2O3 (12 mg) sieved to a mesh size of 20-40, then diluted 1:3 
with SiC (36 mg). 
b ΘO2 = 100 (100 000 ppm O2) or 4 (4000 ppm O2), balance Ar. 
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Light-off is known to occur in parallel with changes in the state of the catalyst 
surface, which alter the reaction kinetics. These changes, which involve surface oxidation, 
have been observed by in situ XAS, IR, and TEM [27-36, 40]. Their relationship to external 
mass transport limitations is highly non-linear: above TLO, the rate becomes more external 
mass transport-limited (evidenced by the decrease in Xmax and the sigmoidal shape of the 
profile as it approaches Xmax), and this further stabilizes the oxidized state of the surface 
because CO is less available at the surface to reduce Pt(II) to Pt(0).  
Increasing the volumetric flow rate causes the boundary layer for diffusion and heat 
transfer to and from the catalyst surface to become thinner, and increases the heat transfer 
coefficient (h) for the fluid. This results in more dissipation of the heat of reaction by 
convection and advection because h is proportional to υ0
0.5
 according to the relationship 
  (              ⁄ )    ⁄  and the Reynold’s number (Re) is proportional to υ0 [39]. 
Consequently, the observed decrease in XLO and TLO with increasing υ0 cannot be attributed 
to formation of hot spots or large temperature gradients in the catalyst bed, because higher 
flow rates result in light-off at lower conversion. The opposite trend would be observed if 
enhanced heat transfer due to the higher flow rate were responsible for light-off. 
5.3.7. Influence of particle size on experimental reaction profiles 
The effect of catalyst particle size was explored by recording reaction profiles for 
three different particle size ranges. A typical result is shown in Fig. 5.7 for υ0 = 50 mL min
-1
 
and ΘO2 = 100. Results for other flow rates and oxygen concentrations can be seen in Fig. 
5.8. For a particular particle size, the three reaction profiles recorded consecutively are 
superposable over the entire range of conversion, including the abrupt discontinuity at light-
off. The reaction profiles recorded for different particle sizes are all superposable up to 123 
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°C and X = 0.13. At this point, the profile corresponding to the largest particle size (20-40 
mesh) exhibits light-off: the rate accelerates rapidly and the conversion jumps to X = 0.91, 
eventually leveling off at Xmax = 0.95. The profiles for the smaller and size distributions 
continue to increase smoothly up to 126 °C (XLO = 0.17), when the profile recorded for the 
intermediate particle size exhibits light-off. The profile for the smallest particle size 
eventually lights off at 131 °C (XLO = 0.25). 
 
 
 
Fig. 5.7. Effect of particle size on the light-off profile for CO oxidation (ΘO2 = 100, υ0 = 50 
mL min
-1
) catalyzed by Pt/Al2O3  
Reaction profiles for CO oxidation (1000 ppm CO, 100 000 ppm O2, balance Ar, υ0 = 50 mL 
min
-1
) catalyzed by Pt/Al2O3 (ca. 12 mg) diluted in SiC (36 mg). One reaction profile is 
shown for each particle size distribution. The particle sizes are: 80-100 mesh (0.18 > 2Rp > 
0.15 mm, blue), 40-60 mesh (0.42 > 2Rp > 0.25 mm, green), and 20-40 mesh (0.84 > 2Rp > 
0.42 mm, red). 
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Fig. 5.8. Particle size effect on light-off profiles for CO oxidation catalyzed by Pt/Al2O3. 
Reaction profiles for CO oxidation with (A) (1000 ppm CO, 4000 ppm O2, balance Ar) or 
(B) (1000 ppm CO, 100 000 ppm O2, balance Ar) catalyzed by Pt/Al2O3 (ca. 12 mg) diluted 
in SiC (36 mg), for different particle sizes: 80-100 mesh (0.18 > 2Rp > 0.15 mm, dashed 
lines), and 20-40 mesh (0.84 > 2Rp > 0.42 mm, solid lines). Additional reaction profiles 
recorded for 40-60 mesh size particles (0.42 > 2Rp > 0.25 mm) are shown in the Appendix. 
One reaction profile is shown for each volumetric flow rate, υ0 = 25 (green), 50 (blue), and 
100 (red) mL min
-1
. 
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As the particle size increases, the barrier to internal diffusion also increases. Eq. 5.16 
shows the Weisz-Prater Criterion (Cwp) [41], for which Ca,s is the surface concentration of 
the limiting reactant and    
  is the effective diffusivity of the gas mixture which is an 
average of the molecular diffusivity and the Knudsen diffusivity. 
  
    
     
 
   
     
         (5.16) 
 
Reaction conditions for which Cwp < 1 are deemed kinetically-controlled. As Rp increases, so 
does the resistance to internal mass transport, while the CO concentration inside the catalyst 
pores decreases. These factors cause Cwp to increase and signal the onset of internal mass 
transport limitations at lower values of temperature and conversion.  
When the CO concentration inside the catalyst pores decreases, this suppresses the CO 
poisoning effect. In situ IR spectroscopy showed that light-off is accompanied by a sudden 
decrease in the amount of CO linearly-bound to metallic Pt [28]. In situ and operando XAS 
measurements demonstrated that the metal is converted to an oxide at light-off [27, 30-33]. 
Since the ratio of gas phase concentrations CO2/CCO in the pores is much higher than in the 
bulk gas phase, the catalyst particles are more readily oxidized. The two effects (catalyst 
light-off, which causes CCO to decrease, and Pt oxidation, which causes rate acceleration due 
to suppression of CO poisoning) constitute a positive feedback loop in which cause and 
effect are inextricably confounded. The decrease in both XLO and TLO for larger values of Rp 
and ΘO2 suggest that increasing the ratio CO2/CCO inside the catalyst pores causes light-off to 
occur at lower temperatures. Oxide formation begins deep in the pores and propagates 
outward, resulting in rapid rate acceleration.  
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 We also considered the possibility that larger catalyst particles exhibit temperature 
gradients (i.e., the internal temperature of the particle exceeds the surface temperature). An 
increase in internal temperature would result in an increase in the effectiveness factor, 
causing light-off to occur at lower values of the external temperature (TLO). The Biot number 
(Bi = h Rp / λ), where λ is the thermal conductivity of the catalyst (see Appendix 5), is used 
to assess the existence of thermal gradients. For Bi << 1, thermal gradient inside catalyst 
particles are negligible. For all values of υ0 and Rp used in this work, the value of Bi is of 
order 10
-3
, therefore no thermal gradients are present. Empirical tests of a similar Pd/Al2O3 
catalyst for CO oxidation using the same reactor design showed that external heat transfer is 
does not affect the rate of reaction [3]. Therefore we can assume that our catalyst is 
thermally equilibrated under all reaction conditions, and thermal gradients in catalyst 
particles do not affect light-off. 
The same trends were observed for each combination of υ0 and ΘO2, Figs. 5.8 (for 
clarity, only profiles for the smallest and largest particle sizes are shown). At all flow rates, 
the reaction profiles are superposable below light-off. The transition always occurs at lower 
values of conversion and temperature for larger particles, due to their greater internal 
diffusion limitations. The maximum conversion does not change noticeably for catalyst 
sieved to different particle sizes; our simulations showed that Xmax is unaffected by internal 
transport limitations (see section Fig. 5.3).  
For particles sieved to 80-100 mesh at ΘO2 = 4 and υ0 = 100 mL min
-1
), a second 
light-off event is visible, Fig. 5.8. A possible explanation is that the surface again becomes 
poisoned by CO or partially reduced to Pt(0). This reduces the rate and the conversion 
briefly plateaus. However, autocatalytic oxidation of the surface occurs again and a second 
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light-off event is observed. In situ and operando XAS and IR should be performed under 
these reaction conditions to better understand the state of the catalyst between the initial 
light-off and before the profile reach Xmax. 
5.3.8. Curve-fitting experimental profiles 
Eq. 5.5, which was derived assuming that the entire reaction profile is kinetically-
limited, was used to curve-fit data that had been truncated just below the abrupt increase in 
rate. Reaction orders were fixed at -1 with respect to CO and +1 and with respect to O2, 
based on the Langmuir Hinshelwood reaction mechanism for CO oxidation over Pt 
nanoparticles on alumina [42]. The results are presented in Table 5.3. Fig. 5.9 shows a 
representative curve-fit to a single profile below XLO. In addition, the fit parameters were 
used to simulate results up to X = 1. Above XLO, the predicted kinetically-limited conversion 
deviates significantly from the experimental reaction profile. However, simulated reaction 
profiles that include mass transport effects (Fig. 5.1 – 5.4) deviate from kinetically-limited 
behavior gradually, not abruptly. The sudden increase in rate associated with light-off is 
therefore not a direct result of the onset of mass transport limitations. Instead, it is likely 
caused by an abrupt change in mechanism, associated with a change in surface chemistry 
which is observable by in situ IR [28], TEM [36], and XAS [27, 31, 32]. 
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Table 5.3. Activation parameters for CO oxidation
1
 over Pt/Al2O3
 
Data acquisition method Ea / kJ mol
-1
 A / mol CO gcat
-1
 s
1 
Variable-temperature kinetic 
profile
2 
99 ± 4 (4.8 ± 1.0) x 10
4 
steady-state differential 
conversion
3 
100 ± 10 N/A
4 
1
 Ca. 12 mg Pt/Al2O3 diluted 1:3 with SiC, υ0 = 25, 50, or 100 mL min
-1, ΘO2 = 100 (1000 ppm 
CO, 100 000 ppm O2, balance Ar), or ΘO2 = 4 (1000 ppm CO, 4000 ppm O2, balance Ar). 
Catalyst was sieved with mesh size distributions of 80-100, 40-60, and 20-40 mesh. 
2 
Values for a global fit to 35 profiles recorded for three particle sizes and two values of ΘO2. 
3 Averaged values for individual Arrhenius plots for three particle sizes and two ΘO2 values, 
recorded at steady-state or 0.02 < X < 0.10. Uncertainty is the standard deviation for all profiles. 
4
 A cannot be extracted from the y-intercept of an Arrhenius plot of ln[X].  
 
 
 
 
Fig. 5.9. Individual curve-fit of Eq. 5.5 to a single reaction profile for CO oxidation 
catalyzed by Pt/Al2O3.  
Reaction profile for CO oxidation (1000 ppm CO, 100 000 ppm O2, balance Ar, 25 mL min
-
1
) over Pt/Al2O3 (12 mg, sieved to 40-60 mesh) diluted in SiC (36 mg). Every third data 
point is displayed (blue circles and dashed line). Red line is the individual curve-fit of Eq. 
Eq. 5.5 to data up to X = 0.28, then extrapolated to X = 1. 
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The same value for the activation energy, 100 kJ mol
-1
, was obtained by curve-fitting 
each subset of profiles corresponding to a specific value of catalyst particle size and ΘO2, 
Table. A5.4. It is consistent with other reported values for supported Pt(0) nanoparticles 
[19], Table 5.1. Since the value of Ea obtained from global non-linear curve-fitting of 
reaction profiles is identical for all particle sizes, the results are deemed free of internal 
diffusion limitations. The pre-exponential factors obtained in this way vary from (0.24 x 
10
5
) to (2.6 x 10
5
) mol CO gcat
-1
 s
-1
.  
Data between 0.02 < X < 0.10 were used to create an Arrhenius plot and the 
activation energies were extracted. Representative Arrhenius plots that gave values for Ea of 
80, 90, and 110 kJ mol
-1
 are shown in Fig. 5.10 and all the results are shown in Table A5.6. 
There is no trend with particle size or flow rate. Although individual Arrhenius plots give Ea 
values ranging from 80 to 130 kJ mol
-1
, the average from all profiles is (100 ± 10) kJ mol
-1
 
(Table 5.3). This average value of Ea is identical to that obtained from non-linear curve-
fitting, albeit with a much larger uncertainty. As previously reported [3], values of Ea 
obtained from non-linear curve-fitting of reaction profiles are more precise compared to 
those obtained from conventional analysis of differential kinetic data. Because curve-fitting 
with Eq. 5.5 returns a value consistent with the conventional Arrhenius analysis, the 
superposable low conversion regions of the reaction profiles are deemed kinetically-limited.  
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Fig. 5.10. Representative Arrhenius plots for CO oxidation catalyzed by Pt/Al2O3. 
Arrhenius plots for CO oxidation (1000 ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 
(12 mg, diluted in 36 mg SiC. Data used are taken from the range 0.02 < X < 0.1. For 
catalyst sieved to 20-40 mesh size, υ0 = 100 mL min
-1
 (red circles); 80-100 mesh size , υ0 = 
25 mL min
-1
 (blue squares) and υ0 = 100 mL min
-1
 (green triangles). 
  
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
2.1 2.2 2.3 2.4 2.5
ln
 (
X
)
1000 / T (K-1)
O2 = 4
Ea = 110 kJ mol
-1
Ea = 84 kJ mol
-1
Ea = 90 kJ mol
-1
  151 
5.4. Conclusion 
Simulated reaction profiles under the influence of internal and external mass 
transport limitations were simulated. The profiles are continuous for all values of X and T 
and no abrupt changes in activity are observed. Severe external mass transport limitations 
decrease the maximum conversion reached in the reactor and the profile becomes S-shaped, 
particularly at high conversion. Internal mass transport limitations shift profiles to higher 
temperatures to achieve the same conversion as kinetically-limited profiles.  
At low conversion, the rate of CO oxidation over Pt/Al2O3 is kinetically-limited and 
obeys a simple power rate law which allows for the extraction of reliable activation 
parameters by variable-temperature kinetic analysis. Light-off occurs at low-to-medium 
conversion, with the precise temperature depending on the concentration of O2, flow rate, 
and catalyst particle size. Trends in light-off temperatures are correlated with transport 
limitations, particularly internal diffusion limitations.   
Transport limitations for CO (particularly internal diffusion) cause light-off to occur 
at lower values of TLO and XLO. Above light-off, the faster rate causes the value of CCO,surface 
to decrease further, which accentuates external mass transport limitations, particularly at 
larger flow rates (υ0 = 100 mL min
-1
). When the concentration of CO is low enough inside 
the pores, Pt is converted to a super-active surface oxide, further decreasing CCO,surface and 
enhancing external transport limitations.  
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Appendix 5 
A5.1. Calculation of mass transfer coefficient and Mears’ Criterion 
The mass transfer coefficient kc is estimated from empirical correlations for a packed 
bed reactor according to [43]: 
 
          
        ⁄         (A5.1) 
 
where Re and Sc are the dimensionless Reynolds and Schmidt numbers, respectively: 
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         (A5.3) 
 
and the diffusivity, D12, was set to be 2 x 10
-5
 m
2
s
-1
 at 298 K, the viscosity was set to 
3 x 10
-5
 Pa•s at 298 K, and the density was set to 1.6 kg m-3 (typical values for Ar at 298 K 
[44-46]). 
The linear fluid velocity, u, depends on the volumetric flow rate υ0 and the reactor 
cross-sectional area Ac which were estimated using our reactor dimensions and a flow rate of 
25 mL min
-1
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Thus, the estimated values of the dimensionless numbers are: 
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Together, they lead to the following estimate for the mass transfer coefficient: 
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 From experimental results we could estimate a (T,X) pair of 128 C and X = 0.1. The 
rate of reaction would be 0.04 mol CO m
-3
 s
-1
 for particles with radius, Rp = 8.3 x 10
-5
 m. 
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 Mears’ criterion is much less than 0.15, thus the reaction is kinetically-limited. 
A5.2. Calculation of Biot number 
The Biot number gives the ratio of heat transfer by a fluid to the heat transfer inside a 
solid object, Eq. A5.11. 
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         (A5.11) 
Where h is the heat transfer coefficient of the fluid (argon), L is the characteristic 
length (radius of the catalyst support, Rp), and λsolid is the thermal conductivity of the solid 
(alumina). The value of λ for alumina is 18 W m-1 K-1 [43]. For catalyst sieved to 80-100 
mesh size the mean Rp is 8.3 x 10
-5
 m. The heat transfer coefficient, h, can be estimated from 
the Nusselt number, Nu [47]: 
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The thermal diffusivity, α, for Ar is used to calculate the Prandtl number, Pr. The 
thermal conductivity for Ar, λfluid, is 0.027 W m
-1
 K
-1
 at 298 K [48]; its density, , is 1.6 
kg/m
3
 (at 573 K); and its heat capacity, Cp, is 570 J kg
-1
 K
-1 
[49]. 
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The heat transfer coefficient, h, is obtained by rearranging Eq. A5.11: 
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so the Biot number is 
  155 
 
   
  
      
 
.   
 
    
/ (         )
  
 
  
                 (A5.16) 
 
The value of Bi is much less than one, indicating that the solid catalyst particles are 
homogeneous in temperature, i.e. the catalyst particles has no internal temperature gradients. 
The value of Bi for every flow rate and catalyst support size is given in Table A5.1. 
 
 
Table A5.1. Biot number for Pt/AL2O3 
Rp / µm υ0 / mL min
-1 
Bi x 10
3 
320 25 1.9 
320 50 2.1 
320 100 2.3 
168 25 1.8 
168 50 1.9 
168 100 2.1 
82.5 25 1.7 
82.5 50 1.8 
82.5 100 1.9 
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A5.3. CO oxidation catalyzed by Pt/Al2O3: Figures and Tables 
 
 
 
Fig. A5.1. Effect of particle size on the light-off profile for CO oxidation (ΘO2 = 100) catalyzed by Pt/Al2O3 
Reaction profiles for CO oxidation (1000 ppm CO, 100 000 ppm O2, balance Ar) catalyzed by Pt/Al2O3 (ca. 12 
mg) diluted in SiC (36 mg). (A) υ0 = 25 mL min
-1
 and (B) υ0 = 100 mL min
-1
. One reaction profile is shown for 
each particle size distribution. The particle sizes are: 80-100 mesh (0.18 > 2Rp > 0.15 mm, blue), 40-60 mesh 
(0.42 > 2Rp > 0.25 mm, green), and 20-40 mesh (0.84 > 2Rp > 0.42 mm, red).  
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Fig. A5.2. Effect of particle size on the light-off profile for CO oxidation (ΘO2 = 4) catalyzed by Pt/Al2O3 
Reaction profiles for CO oxidation (1000 ppm CO, 100 000 ppm O2, balance Ar) catalyzed by Pt/Al2O3 (ca. 12 
mg) diluted in SiC (36 mg). (A) υ0 = 25 mL min
-1
, (B) υ0 = 50 mL min
-1
,    and (C) υ0 = 100 mL min
-1
. One 
reaction profile is shown for each particle size distribution. The particle sizes are: 80-100 mesh (0.18 > 2Rp > 
0.15 mm, blue) and 20-40 mesh (0.84 > 2Rp > 0.42 mm, red). 
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Table A5.2. Light-off temperature and conversion for CO oxidation over 
Pt/Al2O3 (40-60 mesh size) 
ΘO2 υ0 / mL min
-1 
XLO TLO / °C 
100 100 0.08 134 
100 50 0.13 124 
100 25 0.23 122 
CO oxidation for ΘO2 = 100 (1000 ppm CO, 100 000 ppm O2, balance Ar) and ΘO2 = 4 
(1000 ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 (12 mg) sieved to a mesh 
size of 40-60, diluted 3:1 in SiC (36 mg). 
 
 
 
Table A5.3. Light-off temperature and conversion for CO oxidation over 
Pt/Al2O3 (80-100 mesh size) 
ΘO2 υ0 / mL min
-1 
XLO TLO / °C 
100 100 0.20 140 
100 50 0.25 131 
100 25 0.29 124 
4 100 0.36 191 
4 50 0.40 180 
4 25 0.46 169 
CO oxidation for ΘO2 = 100 (1000 ppm CO, 100 000 ppm O2, balance Ar) and ΘO2 = 4 
(1000 ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 (12 mg) sieved to a mesh 
size of 80-100, diluted 3:1 in SiC (36 mg). 
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Table A5.4. Maximum observed conversion for CO oxidation 
over Pt/Al2O3 
Mesh size ΘO2 υ0 / mL min
-1 
Xmax 
80-100 100 100 0.94 
80-100 100 50 0.96 
80-100 100 25 0.94 
80-100 4 100 0.94 
80-100 4 50 0.98 
80-100 4 25 0.99 
40-60 100 100 0.94 
40-60 100 50 0.96 
40-60 100 25 1.0 
CO oxidation for ΘO2 = 100 (1000 ppm CO, 100 000 ppm O2, balance Ar) and 
ΘO2 = 4 (1000 ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 (12 mg), 
diluted 3:1 in SiC (36 mg). 
 
 
Table A5.5. Global curve-fit parameters from non-linear kinetic analysis of 
variable-temperature profiles for CO oxidation catalyzed by Pt/Al2O3 
Mesh size ΘO2 Ea / kJ mol
-1
 A / mol CO gcat
-1
 s
-1
 x 10 
-5 
80-100 100 106 ± 3 2.8 ± 0.3 
80-100 4 100 ± 2 0.84 ± 0.05 
40-60 100 99 ± 4 0.37 ± 0.05 
20-40 100 98 ± 4 0.24 ± 0.03 
20-40 4 102 ± 2 1.3 ± 0.1 
CO oxidation for ΘO2 = 100 (1000 ppm CO, 100 000 ppm O2, balance Ar) and ΘO2 = 4 (1000 
ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 (12 mg), diluted 3:1 in SiC (36 mg). 
Data up light-off. Values are for global curve-fits to profiles at υ0 = 25, 50, and 100 mL 
min
-1
. 
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Table A5.6. Arrhenius plot activation energy for CO oxidation 
catalyzed by Pt/Al2O3 
Mesh size ΘO2 υ0 / mL min
-1 
Ea / kJ mol
-1 
80-100 100 100 110 
80-100 100 50 93 
80-100 100 25 89 
80-100 4 100 100 
80-100 4 50 93 
80-100 4 25 82 
40-60 100 100 83 
40-60 100 50 90 
40-60 100 25 120 
20-40 100 100 87 
20-40 100 50 96 
20-40 100 25 110 
20-40 4 100 84 
20-40 4 50 58 
20-40 4 25 110 
CO oxidation for ΘO2 = 100 (1000 ppm CO, 100 000 ppm O2, balance Ar) and 
ΘO2 = 4 (1000 ppm CO, 4000 ppm O2, balance Ar) over Pt/Al2O3 (12 mg), 
diluted 3:1 in SiC (36 mg). Data for 0.02 < X < 0.1 only. 
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Chapter 6: Conclusions and Future Direction 
6.1. Conclusions 
High throughput screening of catalytic materials for both quantitative and qualitative 
kinetic assessment is both highly desirable and required in order to match the rate at which 
catalysts are synthesized across composition and property space. This thesis has 
demonstrated a novel, rapid, and accurate method of variable-temperature reaction profile 
analysis that allows for the modeling of activity and the extraction of kinetic parameters 
from experimental data. The method is easily accessible, and it is applicable to many 
reactions of importance today, such as three-way catalysis. 
Surface reactions over heterogeneous catalysts typically obey complex reaction 
mechanisms. The full mechanisms contain large numbers of kinetic parameters, making 
parameter discrimination difficult. These mechanisms can often be reduced to simple power 
rate laws over a large range of relevant reaction conditions. Combination and integration of 
the design equation for a packed bed reactor (PBR) and the Arrhenius equation for the rate 
constant, with an appropriate power rate law allow us to model the entire kinetically-limited 
reaction profile. For rate laws with a single concentration dependence, and for select cases 
when the rate law has two concentration dependences, unique analytical solutions exist. 
Simulation of variable-temperature reaction profiles show that the shape and position of a 
profile is unique for each rate law and set of kinetic parameters (A, Ea, and the reaction 
orders). Qualitative changes in reaction profiles are correlated with known changes in these 
parameters, and can be used to rapidly discriminate between rate laws. When all kinetic 
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parameters are known, simulated reaction profiles can be used to predict reactor 
performance faster than experiments. 
The analytical solutions for conversion as a function of temperature were curve-fitted 
to individual experimental reaction profiles to extract accurate information about the 
activation parameters and the reaction orders. The oxidation of hydrogen, propane, and 
carbon monoxide were chosen as representative reactions. An individual curve-fit yields the 
same activation energy as a conventional Arrhenius plot made using kinetic data collected 
under differential conditions. Estimation of the reaction orders is less accurate, especially for 
reaction orders with respect to an excess reactant. Global curve-fitting of analytical variable-
temperature kinetic equations to sets of ten reaction profiles recorded with varying residence 
times yielded activation parameters and reaction orders, in agreement with previous studies. 
In the future the method could be used to rapidly assess changes in catalytic performance 
due to changes in the active metal, loading, particle size, and presence of promoters. 
Variable-temperature kinetic analysis was coupled with operando infrared 
spectroscopy (IR) and X-ray absorption spectroscopy (XAS) to probe the dynamic chemistry 
of the active site(s) during stoichiometric CO oxidation over Pd/Al2O3. The activation 
energy obtained from variable-temperature kinetic analysis, (92.1 ± 2.2) kJ mol
-1
, is 
consistent with that of Pd(0) nanoparticles. In situ XAS showed that the bulk of PdO is 
reduced to Pd(0) upon exposure to the reactive atmosphere, below the onset temperature for 
catalytic activity.  The observation of only linearly-bound CO to Pd(0) confirms the change 
in the state of the catalyst from oxide to metal, which is undetectable through kinetic 
measurements at low temperature. During recording of the extinction profile, a single 
operando IR spectra showed a decrease in CO bound atop on Pd(0) consistent with Pd 
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oxidation,  with an increase in conversion. Oscillations in the activity have been observed by 
kinetic measurements but rarely correlated with changes in the active sites through in situ or 
operando spectroscopy. This study suggests the formation of a more active oxide phase, as 
evidenced by IR. This highlights the need for coupled kinetic and in situ experiments to 
fully understand the catalyst. 
Variable-temperature kinetic analysis was expanded to include external and internal 
mass transport effects, by incorporating the rate of external mass transport and the internal 
effectiveness factor. Reaction profiles were simulated numerically, and the resulting profiles 
showed continuous transitions from predicted kinetically-limited behavior to mass transport-
limited regimes. Experimental reaction profiles for CO oxidation catalyzed by Pt/Al2O3 
were recorded for varying catalyst support particle sizes to observe the effects of diffusion 
on the reaction profile. Curve-fitting to the profiles prior to light-off returned activation 
energies consistent with that of Pt(0). In each reaction profile, abrupt light-off caused rapid 
acceleration to maximum conversion. Larger particles light-off earlier, while smaller 
particles light-off at higher temperatures and conversions. We propose that the increase in 
particle size promotes the oxidation of Pt deep inside the pores where the CO concentration 
is low. Therefore larger catalysts with a higher barrier to internal diffusion light-off before 
smaller particles. 
  
6.2. Future directions 
The variable-temperature kinetic analysis developed in this thesis greatly reduces the 
time required to assess the kinetics and rate law of a reaction, opening the door to many 
potential fruitful applications. For instance, this method can be applied to catalysts which 
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deactivate rapidly, as long as the time scale is longer than the time it takes to record a 
reaction profile, ca. 30 minutes. In conventional kinetic analysis, catalyst deactivation would 
complicate kinetic data. This is of particular importance for single site catalysts, metal 
clusters, and other supported materials that are prone to deactivation by pathways such as 
sintering. 
To further increase the speed at which kinetic information is gathered, multiple 
reactions can be tested simultaneously. These results may differ from with those obtained 
from experiments in which a single reaction is studied because the reactant atmosphere may 
promote changes in the active state of the catalyst due to poisoning or redox. Variable-
temperature kinetic analysis is an appropriate method to extract kinetic parameters for three-
way catalysts and to simulate automobile exhaust emission profiles.   
Limitations in the maximum volumetric flow rate and catalyst particle size in our 
experimental design make studying severe external and internal mass transport limitations 
difficult. For CO oxidation catalyzed by Pt/Al2O3, we were unable to detect external mass 
transfer limitations before light-off, although they were evident after light-off, and at high 
conversion, the profiles were mass transfer-limited. It would be interesting to design a 
reactor configuration that allows for mass transfer-limitations at all conversions, but the 
reactor does not experience significant temperature gradients.  
Dynamic changes in platinum group metals used to catalyze CO oxidation have been 
studied for decades, yet there is still no clear consensus about the causes of catalyst light-off 
or the oscillations sometimes observed. Variable-temperature kinetic analysis should be 
coupled with operando XAS on a rapid scanning synchrotron beamline to capture the local 
structure and oxidation state of the catalyst during light-off and extinction. Direct 
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observation of the conversion with high temperature resolution will make it possible to 
capture the structure of the high and low activity states of the catalyst during extinction, 
similar to our observation during operando IR. Reaction profiles for CO oxidation catalyzed 
by Pt/Al2O3 (1000 ppm CO, 4000 ppm O2) with a flow rate of 100 mL min
-1
 showed 
interesting behavior that would be ideal for operando investigations. After the initial light-
off, the conversion plateaued briefly before a secondary light-off event, and the conversion 
increased slowly to maximum conversion over 20 °C. Using an online-mass spectrometer 
coupled with XAS, the local structure of Pt before, during, and after both light-off events 
could be examined. These reaction conditions appear to stabilize the active form of the 
catalyst over larger temperature ranges than previously explored conditions. 
